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S U M M A R Y
A d e t a i l e d  s tu d y  i s  made, by a s e n s i t i v e  f lo w  m ethod,  
o f  t h e  changes  i n  c a t a l y t i c  e f f i c i e n c y  which  o c c u r  w i th  t im e  
d u r i n g  t h e  d e c o m p o s i t io n  o f  aqueous by Cu^O and CoO.
The r e s u l t s  form t h e  b a s i s  o f  a  d i s c u s s i o n  o f  t h i s  p r o c e s s .
The e x p e r i m e n ta l  t e c h n i q u e  c o n s i s t s  i n  p a s s i n g  a 
c o n s t a n t  f lo w  o f  p u r e ,  s t a b i l i s e r - f r e e  HpOg o v e r  t h e  c a t a l y s t  
and m e a su r in g  t h e  v a r i a t i o n s  i n  h e a t  l i b e r a t e d  d u r i n g  t h e  
d e c o m p o s i t io n  o f  t h e  HgOg by a t w o - t h e r m i s t o r  system  immersed 
i n  a  t h e r m o s t a t t e d  w a t e r  b a t h .  The sys tem  a l l o w s  t e m p e r a t u r e  
d i f f e r e n c e s  o f  ^  0 . 001°G t o  be r a p i d l y  m easu red .
The c a t a l y s t s  which  a r e  p r e p a re d  by t h e  a l t e r n a t e  
o x i d a t i o n  and r e d u c t i o n  o f  20 gauge ® specpure’ m e ta l  w i re  
a r e  used  i n  t h e  form  o f  a sh a l lo w  bed o f  5 mm. d i a m e t e r  r i n g s  
which  p e r m i t s  f r e e  r e l e a s e  o f  ev o lv ed  O2 » E x c e l l e n t  r e p r o ­
d u c i b i l i t y  i s  o b t a i n e d .
The above t e c h n i q u e  i s  employed i n  a d e t a i l e d  examina­
t i o n  o f  t h e  CU2O/H2O2 sys tem  w i th  v a r i a t i o n s  o f  K2O j  , pH, 
i o n i c  s t r e n g t h ,  t e m p e r a tu r e  and i n v o l v i n g  o b s e r v a t i o n  o f  t h e  
e x t e n t  o f  c a t a l y s t  d i s s o l u t i o n .  The r e s u l t s  show t h a t  on 
e x p o s u re  o f  OUgO t o  E2O2 a  d e f i n i t e  sequence  o f  e f f i c i e n c y  
chan ges  t a k e s  p l a c e  v i z ; -
(a)  a  r a p i d  i n c r e a s e  t o  a peak  e f f i c i e n c y
(b) a r e l a t i v e l y  s low d e c l i n e  t o  a  minimum e f f i c i e n c y
v i l .
(c )  a  Blow recovery  to  a f i n a l  s teady  v a lu e .
Two s u c c e s s i v e  p r o c e s s e s  a r e  p o s t u l a t e d  to  d e s c r i b e  
t h e  above e f f i c i e n c y  b e h a v io u r ,  i . e .
( i )  a  s u r f a c e  p r o c e s s  r a p i d l y  g row ing  i n  r a t e  -  (a )  -  
t h e n  b e in g  p o iso n ed  -  ( b ) .
( i i )  a s lo w e r  b u lk  s o l i d  p r o c e s s  c a u s in g  a p a r t i a l  
r e s t o r a t i o n  o f  c a t a l y t i c  e f f i c i e n c y  a s  i n  (c)
To e x p l a i n  t h e  s u r f a c e  p r o c e s s  ( i )  a  mechanism i s  
p rop osed  i n  w hich  c a t a l y s i s  t a k e s  p l a c e  a t  s u r f a c e  anch o red  
r a d i c a l s  0^ and O ' . These r a d i c a l s  a r e  e n v is a g e d  a s  m a in ly  
c r e a t e d  by t h e  a l t h o u g h  some w i l l  be p r e s e n t  on any p -
ty p e  semi c o n d u c t i n g  s u r f a c e  which h a s  been  exposed t o  oxygen. 
At t h e  same t im e  t h e r e  b e g i n s  a  p o i s o n i n g  p r o c e s s  which i s  
s lo w e r  t h a n  c a t a l y s i s  and i s  e x p la in e d  a s  a d u a l  s i t e  conve r­
s i o n  o f  t h e  r a d i c a l  i o n s  (O^ and O ' ) t o  s t a b l e  i o n s  (HO^ o r  
OH').  T h is  p o i s o n i n g  does  n o t  go t o  c o m p le t io n  b ecau se  o f  
a  d u a l  s i t e  r e c o v e r y  i n  w hich  t h e  a c t i v e  r a d i c a l s  a r e  a g a in  
p rod uced  t h u s  p r o v i d i n g  t h e  p o s s i b i l i t y  o f  a s u r f a c e  e q u i l i ­
b r ium .
The r e a c t i o n  scheme i s  summarised a s  f o l l o w s ; -  
C a t a l y s i s  j)' + HgOg = ^2 ^2^ (3)
IÙ'j) + HgOg = I' + HgO + (^(4)
v i i i
D e c l in e H 0
H 6 rH' + OpH' ^ (5)
Equi. l i b r i u m  r e a c t i o n ^ “ ( s u r f a c e )  + ° 2 ^ ( s a r f a c e )  + ^2°
Recovery
OH'
^2^-
+ H„0d. (7)Ï
A p p l i c a t i o n  o f  t h e  s t e a d y  s t a t e  t r e a t m e n t  to  t h e  minimum 
e f f i c i e n c y  c o n d i t i o n  and a  l i m i t e d  i n t e r p r e t a t i o n  o f  t h e  
e f f i c i e n c y  d e c l i n e  c u rv e s  on t h e  b a s i s  o f  t h e  above mechanism 
a l l o w s  a  k i n e t i c  e x a m in a t io n  from which t h e  o v e r a l l  r a t e  o f  
d e c o m p o s i t io n  a t  t h e  minimum i s  g iv e n  by
R a te
h°2]
1 4- K [HgO^ 
which s i m p l i f i e s  t o
kf  ^« X
2  
[^2^ 2]
BR ate  = A. + — a t  h ig h  fH^O«
and Rat e [HgO^ a t  low [ ” 2°2]
These e q u a t i o n s  f i t  i n  e x a c t l y  w i th  e x p e r i m e n ta l  
r e s u l t s .  Comparison o f  t h e  c o n s t a n t s  w].th e x p e r im e n t  
t o g e t h e r  w i th  i n f o r m a t i o n  drawn from  t h e  e f f i c i e n c y  chan ges
X X .
w i t h  t im e  p e r m i t  e v a l u a t i o n  o f  t h e  c o n s t a n t s  k.. ,  E and 
k .  ^t h e  g roup  — ,4
The r e c o v e r y  p r o c e s s  i s  shown t o  have t h e  c h a r a c t e r ­
i s t i c s  o f  a  r e c r y s t a l l i s a t i o n  , a n n e a l i n g  o r  s o l i d  d i f f u s i o n  
p r o c e s s  and t h e  k i n e t i c s  o f  t h e  change a r e  shown to  f a l l  i n  
w i t h  t î ' i i s  c l a s s i f i c a t i o n .
E . i n . f . m easurem ents  u n d e r  i d e n t i c a l  e x p e r im e n ta l  
c o n d i t i o n s  i n d i c a t e  p o t e n t i a l  v a r i a t i o n s  s i m i l a r  i n  form to  
t h o s e  t a k i n g  p l a c e  i n  t h e  e f f i c i e n c y  o f  t h e  c a t a l y s t .  
I n t e r p r e t a t i o n  o f  t h e s e  r e s u l t s  i s  used  to  s u s t a i n  t h e  s u r f a c e  
mechanism p ro p o sed  f o r  t h e  e f f i c i e n c y  m easu rem en ts .
S h o r t e r  i n v e s t i g a t i o n s  o f  t h e  sy s tem s  and two
o t h e r  p - t y p e  o x i d e s  NiO and CoO a r e  a l s o  d e s c r ib e d *  Under 
t h e  e x p e r i m e n ta l  c o n d i t i o n s  used  f o r  e x a m in a t io n  o f  t h e  
GUgO/H^O^ sy s tem ,  NiO does n o t  e x h i b i t  c a t a l y t i c  a c t i v i t y  
b u t  t h e  r e s u l t s  f o r  t h e  CoO system  s u g g e s t  t h a t  a  s i m i l a r  
s u r f a c e  p r o c e s s  c o n t r o l s  c a t a l y s i s  on CoO and t h e r e f o r e  
p o s s i b l y  on a l l  p - t y p e  semi c o n d u c t in g  m e ta l  o x i d e s .  The 
f i n a l  slow r e c o v e r y  i n  e f f i c i e n c y ,  so p ro m in en t  i n  Ou^O, does 
n o t  o c c u r  i n  CoO u n d e r  t h e  e x p e r im e i i t a l  c o n d i t i o n s  u s e d .
A d e t a i l e d  e x a m in a t io n  o f  t h e  e q u i l i b r i u m  r e a c t i o n
( 6)9 on a d i f f e r e n t  ty p e  o f  s u r f a c e ,  i s  a l s o  d e s c r i b e d .  
Measurement o f  t h e  exchange be tw een  t h e  OH form o f  an a n io n  
exchange r e s i n  and a t  low i s  p o s s i b l e  w i th o u t
a p p r e c i a b l e  i n t e r f e r e n c e  from c a t a l y t i c  d e c o m p o s i t io n -  The
X.
r e s u l t s  show t h a t  t h e  exchange i s  r a p i d ,  s t r o n g l y  f a v o u r i n g  
t h e  HO2 r a t h e r  t h a n  OH.
I n  a d d i t i o n  t h e  r e s u l t s  o b t a i n e d  from  a b r i e f  s tu d y  
o f  t h e  c a t a l y t i c  p r o p e r t i e s  o f  t h e  OH form o f  t h e  a n io n  
exchange r e s i n  f o r  t h e  d e c o m p o s i t io n  o f  H2O2 a r e  g iv e n  and 
a t e n t a t i v e  r e a c t i o n  mechanism s u g g e s t e d .
The r e s u l t s  w i t h  t h e  r e s i n ,  th o u g h  o f  r e l a t i v e l y  
narrow  s c o p e ,  g iv e  s u p p o r t  t o  t h e  g e n e r a l  p i c t u r e  o f  HgOg 
d e c o m p o s i t io n  a t  s o l i d  s u r f a c e s  d e r iv e d  from th e  o x id e  work.
FORM OF  THESIS
The t h e s i s  d e a l s  w i th  t h e  c a t a l y t i c  e f f e c t  o f  semi­
c o n d u c t in g  m e ta l  o x id e s  on t h e  d e c o m p o s i t io n  o f  aqueous H^O^» 
The m ajo r  p o r t i o n  co n c e rn s  a v e ry  d e t a i l e d  e x a m in a t io n  o f  
t h e  h e te ro g e n e o u s  c a t a l y t i c  system  Cu^O/H^Og t o g e t h e r  w i th  a 
l e s s  f u l l  accou n t  o f  r e s u l t s  o b t a in e d  from N iO/H^O^ and 
C0 O/H2O2 » The main purpose  of  t h e  i n c l u s i o n  o f  t h e  l a t t e r
two system s was to  t e s t  th e  g e n e r a l  a p p l i c a b i l i t y  o f  th e
c o n c lu s io n s  reach ed  f o r  t h e  CUgO/HgO^ sys tem .
In  t h e  i n t r o d u c t i o n  th e  h i s t o r i c a l  background 
a s s o c i a t e d  w i th  homogeneous and h e te r o g e n e o u s  c a t a l y s i s  o f
i n  s o l u t i o n  i s  re v ie w ed .  A t t e n t i o n  i s  d i r e c t e d  to  t h e  
r a t h e r  i l l - d e f i n e d  t r e a t m e n t  o f  m e ta l  o x id e s  as  c a t a l y s t s
and a l s o  to  t h e  b e a r i n g  o f  t h e  modern v iew s on t h e  b u lk  and 
s u r f a c e  s t r u c t u r e  o f  o x id e s  on t h e i r  c a t a l y t i c  p r o p e r t i e s  i n  
g e n e r a l .  A b r i e f  a c c o u n t  i s  g iv en  o f  o x id e s  a s  n o n s t o i c h i o -  
m e t r i c  compounds and s e m ic o n d u c to r s .  The e x p e r im e n ta l  
s e c t i o n  d e s c r i b e s  t h e  a p p a r a t u s ,  t e c h n iq u e  and m a t e r i a l s  used 
f o r  t h e  i n v e s t i g a t i o n  o f  t h e  ox ide  sys tem s  b u t  t h e  r e s u l t s  
s e c t i o n  d e a l s  o n ly  w i th  t h e  Cu^O/HgOg sys tem .  The d i s c u s s i o n  
i s  composed o f  an e x h a u s t i v e  t r e a t m e n t  o f  t h e  CUgO/HgOg system  
c u l m i n a t i n g  i n  t h e  r e s u l t s  o b t a in e d  from NiO/H202 and CoO/H^O^
and t h e i r  r e l a t i o n  to  t h e  Cu^O/H^Og sys tem .
The t h e s i s  ends w i t h  a s m a l l  b u t  im p o r t a n t  s e c t i o n  
on t h e  c a t a l y t i c  e f f e c t  o f  t h e  h y d ro x id e  form o f  an an.ion
2exchange r e s i n  f o r  t h e  d e c o m p o s i t io n  o f  aqueous EgOp. T h is  
work which was s u g g e s t e d  by t h e  r e s u l t s  o b t a in e d  from t h e  
o x id e  sys tem s  examines an i m p o r t a n t  a s p e c t  o f  t h e  mechanism 
p ro po sed  f o r  o x id e  c a t a l y s t s  and i n c l u d e s  a  mechanism 
p roposed  f o r  t h e  re s in /H gO ^  d e c o m p o s i t io n .  I t  a l s o  e n a b le s  
a c o n c lu s i o n  t o  be drawn c c n c e rn in g  t h e  r e l a t i o n  between 
o x id e s  and t h e  enzyme c a t a l a s e  a s  c a t a l y s t s  f o r
S E C T I O N
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1. G e n e ra l
The e l u c i d a t i o n  o f  t h e  p h y s i c a l  and chem ica l  
p r o p e r t i e s  o f  EgOg has  s t i m u l a t e d  t h e  i n t e r e s t  o f  a  g r e a t  
number o f  i n v e s t i g a t o r s  s i n c e  1613 when L o u i s - J a c q u e s
•ÎThenard  r e p o r t e d  t h e  d i s c o v e r y  and p r e p a r a t i o n  o f  t h e  f i r s t  
^o x y g en a ted  acid**» Such i s  t h e  p r a c t i c a l  im p o r ta n c e  o f  
EgOp e . g .
(1) an  o x i d i s i n g  a g e n t  
a s o u rc e  o f  en e rgy
(3) a  s o u rc e  o f  f r e e  r a d i c a l e
(4) a  p a r e n t  compound f o r  t h e  p r o d u c t i o n  o f  o r g a n i c  
and i n o r g a n i c  pcroxy  compounds
t h a t  a  g r e a t  d e a l  o f  e f f o r t  has  been d e v o te d  t o  i t s  s tu d y .
F o r  t h e  p r e s e n t  d i s c u s s i o n  t h e  most i m p o r t a n t  a s p e c t  
i n  t h e  developm ent o f  t h e  c h e m is t ry  o f  HpOg has  been  t h a t  
a s s o c i a t e d  w i th  t h e  k i n e t i c î î  o f  d e c o m p o s i t io n .
Therm odynam ica l ly  EgOg i s  an u n s t a b l e  moleeu3.® w i t h
r e f e r e n c e  t o  HgO and Og. D ata  c o l l e c t e d  by Schmab, S a t t e r -
2  ^  f i e l d  and Wentworth b ased  on work c a r r i e d  o u t  by Giguère"^
on t h e  r e a c t i o n
^ 2 °2 (g )  ^  ’^2 (g )
g i v e s  A  G = -29*39 k c a l . / m o i e  ( l o g  « 21 .55 )
and A s  =G 13 .85  c a l .
4Ï23L p r a c t i c e  however t h e  p u re  oonpound, f r e e  from  homogeneous
and h e te r o g e n e o u s  c a t a l y s i s ,  i s  r e l a t i v e l y  s t a b l e  s i n c e
d e c o m p o s i t io n  must in :L t ia . l ly  be a s s o c i a t e d  w i t h  t h e  r u p t u r e
o f  e i t h e r  t h e  HO——-OH o r  t h e  H OOK b o n d . These bonds
Ùdo n o t  b re a k  e a s i l y .  A cco rd ing  to  Evans ,  Hash and U ri
OH Dg_____g f o r  t h e  gas  p h ase  d i s s o c i a t i o n  i s
55*6 k ca l*  and 102 k c a l .  r e s p e c t i v e l y .  The p r e s e n c e  o f  a  
c a t a l y s t  however a l l o w s  c o n s i d e r a b l e  d e c o m p o s i t io n  to  t a k e  
p l a c e  u n d e r  c o n v e n ie n t  e x p e r im e n ta l  c o n d i t i o n s ,  a p p e a r i n g  to  
p e n e t r a t e  t h e  h ig h  ene rgy  b a r r i e r  i n  a  s e r i e s  o f  sm a l l  en e rgy  
s t e p s .
The r u p t u r e  o f  t h e s e  bonds and t h e  s u b s e q u e n t  
r e a c t i o n s  which add up t o  d e c o m p o s i t io n  o f  HgOp have been  
s t u d i e d  i n  t h e  s o l u t i o n  and v ap o u r  phase  and i n  t h e  p r e s e n c e  
o f  homogeneous and h e te r o g e n e o u s  c a t a l y s t s  and i n  t h e  p h o to -  
c h e m ic a l ly  I n i t i a t e d  c a s e .  The r e s u l t s  o f ,  and d i s e u s s i o n a  
prompted by ,  thee® i n v e s t i g a t i o n s ,  have y i e l d e d  I m p o r t a n t  
i n f o r m a t i o n  n o t  o n ly  on r e a c t i o n s  b u t  on t h e  mechsJiisms
o f  c h e m ica l  c a t a l y s i s  i n  g e n e r a l .
2o E a r ly  I n v e s t i g a t i o n s  o f  3acom posi11 o n .■ 1  'III* I II mmm'T ■» ■ .a. ^  ^  K 3 a r m«n m m r.n» L ^ y m & a
*5D urin g  t h e  y e a r s  f o l l o w i n g  i t s  d i s c o v e r y  T h en a r6 /  
p u b l i s h e d  many p a p e r s  on what he now r e c o g n i s e d  a s  o x i d i s e d  
w a te r .  A g r e a t  d e a l  o f  h in  work was d ev o ted  t o  t h e  p r e p a r a ­
t i o n  o f  a  p u re  s t a b l e  compound ejid  su ch  were t h e  s t a n d a r d s  
o f  h i s  e x p e r i m e n ta l  t e c h n i q u e s  t h a t  he p roduced  a  s t a b l e
‘3 .
anhydrous  compound, a  f e a t  u n a t t a i n a b l e  by many l a t e r  w o rk e rs  
who c o n s id e r e d  t h e  compound i n h e r e n t l y  u n s t a b l e .
With such a p u re  m a t e r i a l  Thenard was a b l e  to  make 
many fui?.damental o b s e r v a t i o n s  o f  t h e  p h y s i c a l  p r o p e r t i e s  o f  
s o l u t i o n s  o f  HgOg, b u t  h i s  i n v e s t i g a t i o n s  o f  i t s  chem ica l  
a c t i v i t y  form p e rh a p s  h i s  g r e a t e s t  c o n t r i b u t i o n »  He examined 
t h e  decomposing a c t i o n  on s o l u t i o n s  o f  many compounds
su ch  as  Ag, Ag^O, P t  and i r o n  suid he was t h e  f i r s t  to  n o t e  
t h a t  c e r t a i n  s u b s t a n c e s  decomposed t h e  w i th o u t  u n d e r ­
g o in g  any chem ica l  a l t e r a t i o n s  t h e m s e l v e s .  A lthough  he 
made no s u g g e s t i o n s  a s  t o  t h e  mechanism o f  such  a c t i o n  he 
c a r r i e d  o u t  man^ ;- d e t a i l e d  o b s e r v a t i o n s  o f  t h i s  phenomenon 
e . g .  d e c o m p o s i t io n  by AgpO^, and h i s  r e s u l t s  p ro v id e d  v a l u a b l e  
i n f o r m a t i o n  f o r  l a t e r  w o rk e rs .
I n  t h e  y e a r s  f o l l o w i n g  Thenard * s work many speeu j .a -  
t i o n s  were advemced a s  t o  t i e  mechanism o f  h i s  obseirved 
phenomena b u t  no new e x p e r im e n ta l  d a t a  was o b t a i n e d .  The 
t h e o r y  most s t r o n g l y  h e ld  d u r in g  - t h i s  p e r io d  was t h a t
n np ro p o sed  by Schonbein  who p o s t u l a t e d  t h e  e x i s t e n c e  o f  t h r e e  
fo rm s o f  oxygen. Two o f  t h e s e  fo rm s ,  named ozone and 
a n to s o n e ,  were supposed  o p p o s i t e  as  p o s i t i v e  i s  t o  n e g a t i v e  
and r e a c t i o n  c o n s i s t e d  i n  t h e  m u tua l  n e u t r a l i s a t i o n  o f  t h e s e  
two form s p ro d u c in g  a t h i r d  compound aiid l i b e r a t i n g  t h e  t h i r d  
form -  no rm al  oxygen.
Between 1850 and 1860 Brodie®^^ p u b l i s h e d  a s e r i e s  o f  
p a p e r s  on t h e  d e c o m p o s i t io n  o f  by many o x id e s  such  as
eAggO, MhOg, SaO, and Cr.,0^* He psroposed t h a t
t h e  e lem en t  02:yger. was formed a c c o r d i n g
t o  a  m o l e c u l a r  law ,  i d e n t i c a l  w i t h  t h a t  
a c c o r d i n g  to  which compound s u b s t a n c e s  a r e  
fo rm ed .
Ho a l s o  p o in t e d  o u t  t h a t  t h e  d i f f e r e n c e s  i n  r e a c t i o n  o f  many 
o x i d e s  w i th  cou ld  n o t  h e  e x p l a i n e d  s im p ly  i n  t e rm s  o f
t h r e e  fo rm s  o f  oxygen b e c a u se  o f  t h e  w id e ly  d i f f e r e n t  r a t e s
o f  c a t a l y s i s  o b t a i n e d  w i th  d i f f e r e n t  o x id e s  and s i n c e  t h e
e f f i c i e n c y  o f  e a c h  o x id e  v a r i e d  a c c o r d i n g  t o  i t s  method o f  
p r e p a r a t i o n .
10I n  1897 B r e d ig  made a c o n s i d e r a b l e  co;aro:lhut:lcn t o  
e x i s t i n g  knowledge by examj.ning th e  d e c o m p o s i t io n  o f  HpOg ‘by 
m e t a l  s o l s  which  he t r e a t e d  a s  honcigeneous sy s tem s  and which 
he oons iderec l  a s  a n a lo g u e s  o f  ce i ta laceo  I n  h i s  e x p é r im e n te  
w i t h  ÂU he o b se rv e d
1 * t h a t  t h e  a c t i v i t ^ r  depended on t h e  a l k a l i ,  
c o n c e n t r â t !  on
2c t h a t  t h e  s p e c i f i c  a c t i v i t y  i n c r e a s e d  w i t h  
i n c r e a s i n g  s o l  c o n c e n t r a t i o n
3* t h a t  t h e  r e a c t i o n  waB f i r s t  o r d e r  a t  low [HgOgl*
These r e s u l t s  were l a t e r  conf irm ed  by T e l e t o f ^ ^  i n  1940.
The work o f  B ro d ie  and B re d ig  and c o -w o rk e rs  
r e p r e s e n t e d  t h e  f i r s t  s y s t e m a t i c  a t t e m p t  t o  anders tenc l  t h e  
mechanism o f  d e c o m p o s i t io n .
L a t e r  w o rk e rs  u sed  b o th  honogeneous and h e t e r o ­
g eneous  sy s tem s  b u t  i t  was n a i n l y  from homogeneous systerna 
t h a t  t h e  f i r s t  f r u i t f u l  r e s u l t s  were o b t a i n e d ,  r e s u l t s  w hich  
were  l a t e r  a p p l i e d  wrlth c o n s i d e r a b l e  s u c c e s s  t o  t h e  more 
complex h e t e r o g e n e o u s  s y s t e m s .
3 . Homogeneous C a t a l y t i c  D ecom pos i t ion  o f  EnO^
Many sy s tem s  i n v o l v i n g  t h e  homogeneous d é c o m p o s i t io n  
o f  HgOg r e c e i v e d  e a r l y  i n v e s t i g a t i o n .  Two main m o c h i i r l s t i e  
a p p r o a c h e s  were g e n e r a l l y  ad o p ted  to  e x p l a i n  t h e  e x p e r i m e n ta l  
r e s u l t s ,  v i % : -
I 0 C a t a l y s i s  was pOfîtuXateci a s  p r o c e e d in g  th ro u g h  t h e  
f o r m a t i o n  o f  an a c t i v e  i n t e r m e d i a t e  wbioh su eso -  
Q uent iy  decomposed l i b e r a t i n g  Og and r e g e n e r a t i n g  
t h e  c a t a l y s t
i . e .  C ‘Î" 2 HpOg C(E2O2 )2
= c + HgO -Î- Og
where ■ C r e p r e s o n t a  t h e  c a t a l y s t  and CCH-Og)™ t h e  
a c t i v e  i n t e r m e d i a t e .
2o The HgOg was r e g a r d e d  a s  a l t e r n a t i v e l y  a c t i n g  b b  
an  o x i d i s i n g  and r e d u c in g  a g e n t
i . e .  Reduced c a t a l y s t  4- H^Og « o x i d i e e d  c a t a l y s t
O x id i s e d  c a t a l y s t   ^ ^ r e d u c e d  c a ta ly s j t  ^  0^
A ltho u gh  e a c h  o f  t h e s e  mechjtnisms s a t i s f i e d  some a s p e c t  o f  
t h e  e x p e r i m e n ta l  r e s u l t s  n e i t h e r  was a b l e  t o  gj.?e a
8 .
com prehens ive  e x p l a n a t i o n  c f  any one sys tem .
I n  1954 Haber and Weiss^^ p u b l i s h e d  t h e i r  c l a s s i c a l  
p a p e r  on t h e  homogeneous d e c o m p o s i t io n  o f  aqueous  H2O2 s o l u ­
t i o n s  by and s a l t s .  T h is  p a p e r  f o l l o w i n g  s i m i l a r
M 4 ?work by Haber and W i l l s t a t e r  ^ marks one c f  t h e  most im por­
t a n t  advances  i n  ch em ica l  k i n e t i c s .
and f o r  Pe
Por  c a t a l y s i s  by Pe^^ th e p rop o sed mechanism was
Pe'"'" ^ EgOg = OH' ^ OH (1)
HgOg OH HgO HOg (2)
HgOg + HOg EgO . OH (5)
OH ^ Pe^"^ « 4- OH' (4)
c a t a l y s i s
HgOg 4 HOg' (5)
Pe'^^* HOg' =: 4 HOg (6)
HgOg > HOg HgO OH Og (5)
Pe^^ -f- OH ■f OH' (4)
OH'  ^ H"*" R.Oc (?)
The main f e a t u r e s  c f  t h i s  scheme were t h e  p o s t u l a t i o n  
o f  a  r a d i c a l  chailn mechanism end t h e  i d e n t i f i c a t i o n  o f  t h e  
r a d i c a l s  a s  OH and RC^. I n i t i a t i o n ,  s t e p  ( 1 ) ,  i n v o lv e d  a 
s i n g l e  e l e c t r o n  t r a n s f e r  p i o c e s a  w hich  was a l s o  c o n s id e r e d  
a p p l i c a b l e  to  e l e c t r o c h e m i c a l  and p h o to c h e m ic a l  p r o c e s s e s .
I t  p roduced  t h e  r a d i c a l s  OE. o r  HO g which  formed H^O and 
on r e a c t i n g  a g a in  w i th  H^O^. R e a c t io n  w i t h  p ro p a g a te d
a c h a in  r e a c t i o n  and t h e  p r o p a g a t in g  s p e c i e s  were r e p ro d u c e d
9a c c o r d i n g  t o  (2 )  and (3) t h e  o r i g i n a l  H a b e r - W i l l s t a t e r  
e q u a t i o n s .
The r a d i c a l  mechanism p ro p o sed  by E aber  and Weiss 
g a in ed  i m p o r t a n t  c o n f i r m a t i o n  from t h e  work o f  B a x e n d a ie ,  
Evans and P a r k e o n  t h e  i n j . t i a t i o n  o f  p o l y m e r i s a t i o n  
r e a c t i o n s .  P r e v io u s  i n v e s t i g a t i o n s  had shown t h a t  i n  v i n y l  
p o l y m e r i s a t i o n  r e a c t i o n s  t h e  i n i t i a t i o n  r e a c t i o n  r e q u i r e d  t h e  
p r o d u c t i o n  o f  f r e e  r a d i c a l s .  U s in g  t h e  ?e  sys tem
B ax en d a ie ,  Evans and P a rk s  s u g g e s te d  t h a t  p o l y m e r i a a t i o a  
r e a c t i o n s  i n i t i a t e d  by i t  dexpended on t h e  fo rm git lon  of OH 
r a d i c a l s  i n  (1) w hich  th e y  proposée r e a c t e d  a c c o r d i n g  to  t h e  
schemes-
OH ‘Î* M e  HO.M  -  ( 0 )
E O . M -  M =  HO. (M )g«- ( 9 )
M * HO. (10)
where M re p re s e n t s )  th e  monomer.
i n f r a - r e d  a n a l y s i s  o f  t h e  polymer t h e y  were a b l e  to  
i d e n t i f y  t h a  OH a s  t h e  i n i t i a t i n g  r a d i c a l  and t o  r e l a t e  i t s  
amount t o  t h e  p o l y m e r i s a t i o n  k i n e t i c s .
E v idence  f o r  t h e  o c c u r r e n c e  o f  t h e  HOg r a d i c a l  (and 
i t s  i o n i s e d  form Oi) h a s  n o t  been  so e a s y  t o  o b t a i n  i n  a  
d i r e c t  form b u t  i t s  p a r t i c i p a t i o n  seems beyond doub t  i n  
p h o to c h e m ic a l ly  and r a d i o c h c m ic a l ly  i n i t i a t e d  d é c o m p o s i t io n  
o f  v e r y  p u re  HgOg s o l u t i o n .  Thus D a in to n  and Rowbottom^^ 
a r e  a b l e  t o  a s s i g n  a  h a l f - l i f e  t o  t h e  HOg r a d i c a l  i n  v e ry  
p u re  s o l u t i o n  i r r a d i a t e d  w i t h  - r a y s .
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The o r i g i n a l  Haber-W eiss  mechanism f o r  
c a t a l y s i s  c o n t a i n e d  no te rm s  i n  o r  OH' im p ly in g  t h a t  t h e  
r e a c t i o n  v e l o c i t y  and c h a in  l e n g t h  were i n d e p e n d e n t  o f  
a c i d i t y .  The r e a c t i o n  v e l o c i t y  p roved  t o  be  pH in d e p e n d e n t  
f o r  b u t  n o t  f o r  I t  was fo u n d ,  how ever ,  t h a t
t h e  o h a in  l e n g t h  f o r  t h e  Fe'^^/H^Og r e a c t i o n  was d ep e n d en t  on 
a c i d i t y .  The p o s s i b i l i t y  t h a t  t h e  H2O2 i n  e q u a t i o n  (2) 
a p p e a re d  a s  t h e  a n io n  HOg'' which r e a c t e d  a c c o r d i n g  t o
HOg' OH = HOg + OH' ( 2 0
was d i s m is s e d  b e c a u s e  t h i s  n t e p  d id  n o t  a c c o u n t  f o r  th e  
a c i d i t y  v a r i a t i o n .  A s e r i e s  o f  c h a in  b r e a k i n g  mechsrdems 
was t h e r e f o r e  i n t r o d u c e d  i n  a d d i t i o n  t o  e q u a t i o n  (4) to  
e x p l a i n  t h e  pE dependence  i . e .
HO, «  » HOp' (4 * )
OB: + OH = HgOj, ( 4 * ’ )
HOg HOg = 0 ,  » HgO -!■ h ’’ ( 4 ” ' )
Prom t h e  r e a c t i o n  scheme (5)? ( 6 ) ,  (3 )?  (4) and (? )  pi-opoaed 
f o r  c a ta ly a iS j  Jd .netis  a n a ly s t s  i n d i c a t e d  t h a t  t h e  r a t e
[ _ CHgOg b u t  e x p e r im e n ta l  r e s u l t s  gave 
a  f i r s t  o r d e r  dep en den ce .  To a c c o u n t  f o r  t h i s  d i s c r e p a n c y  
an a d d i t i o n a l  c h a in  t e r m i n a t i n g  r e a c t i o n
+ HOg = P e ‘^ ‘" Og (1 1 )
was i n c o r p o r a t e d  i n t o  t h e  scheme.
A l th o u g h  t h i s  work r e p r e s e n t e d  a con s i  (5. e r  a b l e  s t e p  
fo rw a rd  many e x p e r i m e n ta l  d e t a i l s  were l e f t  unanswered e*g .
l 'è.
t h e  v a r i a t i o n  o f  c h a in  l e n g t h  w i t h  H*. Weiss im proved 
t h e  mechanism w i t h  a  r e a c t i o n  scheme w hich  combined t h e  
mechanisms r e l a t i n g  t o  Fe and Fe*^* c a t a l y s i s  i . e .
Fe"** + HgOg = Fe'^ '^ * + OH' + OH (1)
HgOg + OH = HgO * HOg (2)
HgOg + HOg = HgO + OH ♦ Og (3)
Fe"^  ^ + OH = Fe’*"^'^ + OH' (4)
Fe'*"^ '^ + HOg' = Fe'^ '^  -s- HOg (6)
+ + . . .  _  +Po  ^HOg = P© -C HOg' (12)
Pe'*"*' c a t a l y s i s  was e x p la in e d  by e q u a t i o n s  ( 1 ) ,  ( 2 ) ,  (3) and
(4) and t h e  v a r i a t i o n  c f  chgiin l e n g t h  w i t h  H**" by e i t h e r
(a)  p a r t i c i p a t i o n  o f  HOg' o r  Og' i n  t h e  c h a in  mechaniam
(b) an  i n c r e a s e  i n  t h e  c h a in  b r e a k i n g  mechanism due to  
p a r t i c i p a t i o n  o f  HgOp*  ^ i n s t e a d  o f  HOg o r  HgO^ i n s t e a d  
o f  OH.
C a t a l y s i s  by was r e p r e s e n t e d  by e q u a t i o n s  (5)? ( 4 ) ,
(6) and (12) i n  a d d i t i o n  to  t h e  e q u i l i b r i u m
HgOg ^  H* * HOg' (5)
A s t i l l  f u r t h e r  r e f in e m e n t  I n  t h i s  mechanism was made
17 10by B a rb ,  B a x e n d a ie ,  George cmd H argrave  who p ro po sed
t h a t  t h e  r e a c t i o n  p ro d u c in g  Og was n o t
HgOg + HOg = HgO + OH + Og (5)
which seemed m e c h a n i s t i c a l l y  an im p ro b a b le  r e a r r a n g e m e n t  t o  
o c c u r  i n  one s t e p .  They pi 'oposed i n s t e a d
Fe'*"*'^ + HOg * Fe^"^ + Og ♦ H'*’
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w hich  © xpla iaed  s a t i s f a c t o i i l y  t h e i r  e x p e r i m e n ta l  r é s u l t é  
f o r  b o th  and d e c o m p o s i t io n  o f  HgOg.
1 cWeiss and Humphrey s u p p o r te d  t h i s  new deve lopm ent  
p ro p o sed  by B axenda ie  e t  a l . b u t  s u g g e s te d  t h a t  t h e  a n io n  
Og' e n t e r e d  i n t o  t h e  r e a c t i o n  r a t h e r  t h a n  t h e  u n d i s s o c i a t e d
HOg i . 0
+ O g' = + Og (1 4 )
A lthough  t h e s e  r e s u l t s  have te n d e d  t o  d i s r e g a r d  t h e  
c o n t r i b u t i o n  o f
HgOg + HOg = EgO •> OH Og (3)
i t  i s  s t i l l  a c c e p te d  a s  o f  c o n s i d e r a b l e  im p o r ta n c e  i n  t h e  
p h o t o l y s i s  o f  d i l u t e  aqueous  s o l u t i o n s  o f  HpOp“ ^ and I n  t h e  
d e c o m p o s i t io n  by i o r l s i n g  r a d i a t i o n ' -  .
I n v e s t i g a t i o n s  o f  t h i s  one homogeneous sy s tem  i n t r o ­
duced many p o s t u l a t e s  which were o f  g e n e r a l  a p p l i c a b i l i t y  t o  
homogeneously c a t a l y s e d  HgCg d e c o m p o s i t io n  r e a c t i o n s  " f l z . ,
(a )  t h e  p a r t i c i p a t i o n  o f  t h e  r a d i c a l s  OH and HOg. These 
r a d i c a l s  were c o n s id e r e d  f r e e  i« e«  u n a t t a c h e d  to  
i r o n  i o n s
(b) t h e s e  r a d i c a l s  which were p roduced  by s i n g l e  e l e c t r o n  
exchange be tw een  th e  c a t a l y s t  and HgOg p ro p a g a te d  
c h a in  r e a c t i o n s  c a u s in g  HgOg d e c o m p o s i t io n .
A l th ou gh  t h e  s p e c i e s  HgOg^ and HgO  ^ were i n t r o d u c e d  t o  e x p l a i n  
v a r i o u s  r e s u l t s  i t  seems u n l i k e l y  t h a t  t h e y  a r e  i n  s u f f i c i e n t  
c o n c e n t r a t i o n  t o  a p p r e c i a b l y  a f f e c t  t h e  r e a c t i o n .  As a
-.5
r e s u l t  o f  t h e  i n t e r e s t  s t i m u l a t e d  i n  s o l u t i o n  p h a se  f r e e
ppr a d i c a l  r e a c t i o n s ,  Evans,  Hush and U r i  f o r m u l a t e d  e n e r g e t i c  
and  therm odynam ic d a t a  f o r  many o f  t h e  p ro po sed  p r im a ry  s t e p s  
w h ich  a l lo w e d  an a s s e s s m e n t  o f  t h e i r  therm odynam ic  p r o b a b i l i t y
An a l t e r n a t i v e  r e a c t j . o a  scheme was p ro p o sed  by Bray 
and Gorin^^  f o r  t h e  Pe^'^/HgO^ r e a c t i o n .  T h is  scheme i . e .
+ HgOg ^ HgO
PsO'^'^ + HgOg = + HgO <- Og
d i f f e r e d  c o n s i d e r a b l y  from i;he Habçjr-Weiss mechemem i n  t h a t  
d e c o m p o s i t io n  to o k  p l a c e  be lw een  a  c a t a l y s t  -  ^ 2^2 
and t h e  ^^ 2^ 2 ’ ^ h i s  me chard sm I n t r o d u c e s  t h e  p o s t u l a t i o n  of  
a  l o c a l i s e d  r e a c t i v e  i n t e r m e d i a t e  a s  opposed t o  t h e  f r e e  
r a d i c a l s  c o n ta in e d  i n  t h e  HEiber-Weiss n ec h an ism .
4» H e te ro g en eo u s  G a t a l y t i e  Becom p o s i t i o n  o f
(a )  G e n e ra l  C o n s i d e r a t i o n s
The e s s e n t i a l  p r i n c i p l e  o f  h e te r o g e n e o u s  c a t a l y s i s  
i s  t h a t  t h e  r e a c t i o n  c y c le  l e  azichored a t  t h e  s o l i d  s u r f a c e
i . e .  i t  o c c u r s  w i t h i n  t h e  f i e l d  o f  t h e  c h e m is o r p t io n  f o r c e s .  
Thus,  any c a t a l y s t  r a d i c a l s  a r e  s u r f a c e  i o n s ?  i o n i c  l a t t i c e  
p o s i t i o n s  o r  ad so rb e d  r a d i c a l s .  T here  i s  a l s o  t h e  p o s s i b i l ' *  
i t y  t h a t  t h e  c a t a l y s t  s u r f a c e  i n i t i a t e s  c h a in s  which  can 
d i f f u s e  i n t o  t h e  s o l u t i o n  b u lk .
A t r u l y  h e te r o g e n e o u s  c a t a l y t i c  r e a c t i o n  can W 
a n a ly s e d  i n t o  f i v e  s t e p s  vI îs. î -»
4 «
1. lU f f u s i o n  o f  r e a c t a n t s  t o  t h e  s u r f a c e  o f  t h e  
c a t a l y s t
2. A d s o r p t io n  o f  r e a c t a n t s  on c a t a l y s t  s u r f a c e
5 . R e a c t i o n  on t h e  s u r f a c e
4 . D e s o r p t i o n  o f  p r o d u c t s  from  t h e  s u r f a c e
5 . D i f f u s i o n  o f  p r o d u c t s  f rom  t h e  s u r f a c e
t h e  s lo w e s t  o f  w hich  c o n t r o l s  t h e  o v e r a l l  r a t e  o f  r e a c t i o n .  
S in c e  s t e p s  2 ,  3 sind 4 a r e  j . n t lm a t e ly  connec ted  wj.th th e  
s u r f a c e  p r o c e s s e s ,  c a t a l y s i s  a t  t h e  i n t e r f a c e  o f  a  s o l i d  and 
f l u i d  i s  n e c e s s a r i l y  v e r y  complex i n v o l v i n g  a  number o f  s o l i d  
p a r a m e te r s  whose i n f l u e n c e  i s  o n ly  o f  r e c e n t  y e a r s  b e g in n in g  
t o  be  q u a l i t a t i v e l y  u n d e r s t o o d .
These p a r a m e t e r s  have sometimes been  d i v i d e d  i n t o  two 
g ro u p s  i . e .
0 41. g e o m e t r i c  f a c t o r s
2. e l e c t r o n i c  f& c to r s ^ ^
and w i t h  t h i s  d i v i s i o n  t h e i r  s tu d y  h a s  p ro v id e d  a  msane o f  
com par ison  be tw een  s o l i d  p r o p e r t i e s  and c a t a l y t i c  a c t i v i t y .
Much s tu d y  has  been  devo ted  t o  t h e  c o r r e l a t i o n  o f  s o l i d
a c t i v i t y  w i t h  t h e  r e l a t i v e  d im en s io n s  o f  t h e  s o l i d  s u r f a c e  and
26 2*7 9pt h e  r e a c t i n g  m o l e c u l e s .  The e a r l i e r  work o f  langDiuir   ^ ^
powas based  on  s u r f a c e  geom etry  and Burk - p ro po sed  t h a t  t h e  
s u r f a c e  d e c r e a s e d  t h e  a c t i v a t i o n  en e rg y  o f  t h e  r e a c t i o n  fey 
a d s o r b i n g  t h e  r e a c t i n g  m o le c u le s  i n  s u c h  a way t h a t  t h e  
d i s t a n c e  be tw een  t h e  p o i n t s  o f  maximum i n t e n s i t y  i n  t h e i r
i3-
a t t r a c t i v e  f o r c e s  was d i f f e r e n t  i n  t h e  ad so rb e d  s t a t e  t h a n  
i n  t h e  f r e e  m o le c u le .  D i f f e r e n c e s  i n  t h e  a to m ic  d i a t a n c e e  
i n v o l v e d  i n  d i f f e r e n t  l a t t i c e  p l a n e s  h a s  been  u sed  by Beeck^ 
S m ith  and W heeler^^  and Beeck^^ t o  e x p l a i n  d i f f e r e n c e s  i n  
t h e  h y d r o g e n a t io n  o f  e t h y l e n e  on o r i e n t e d  and u n o r i e n t e d  
condensed  m e t a l  f i l m s ,  and Twigg and E i d e a l ^ ^  f o l l o w i n g  
e x p e r i m e n t a l  i n v e s t i g a t i o n s  on exchange be tw een  o l e f i n o s  and 
d e u t e r iu m  on F i  s u r f  ace   ^ p roposed  t h a t  i n t e r  a t  omj.c 
s p a c i n g  was i m p o r t a n t  i n  t h e  h y d r o g e n a t io n  o f  a  d o u b le  bond 
w h ich  r e q u i r e d  t w o - j o i n t  c o n t a c t .  P a r t i c u l a r l y  c o n v in c in g  
was t h e  work o f  E a la n d in ^ ^  who d e a l t  w i t h  s p e c i f i c  r e a c t i o n s  
o f  l a r g e  m o le c u le s  where t h e  f i t  w i t h  t h e  s u r f a c e  was o f t e n  
v e r y  d e t a i l e d .
A l th o u g h  t h e  most em phasis  i n  e a r l y  s t u d i e s  had been  
p l a c e d  on t h e  g e o m e t r i c  f a c t o r  s e v e r a l  w orke rs  e . g .  E u s a e l l ^ ^  
had a t t e m p t e d  t o  c o r r e l a t e  c a t a l y t i c  a c t i v i t y  and t h e  
c a t a l y s t ’ s e l e c t r o n i c  s t r u c t u r e ,  b u t  i t  was n o t  u n t i l  t h e  
t h e o r i e s  o f  t h e  s o l i d  s t a t e  were d ev e lo p ed  t h a t  t h e  im p o r t a n c e  
o f  t h e  e l e c t r o n i c  f a c t o r  i n  t h e  s o l i d  cou ld  be f u l l y  d i s c u s s e d < 
C a t a l y s i s  was h e ld  t o  p ro ceed  v i a  s u r f a c e  e l e e t r o v a l e n d e ®  
i . e .  t h r o u g h  t h e  t r a n s f e r  o f  e l e c t r o n s  t o  and f r o  be tw een  t h e  
s o l i d  and t h e  a d s o rb e d  s p e c i e s .  The f i r s t  w orker  t o  make 
d e f i n i t e  m easu rem en ts  on t h i s  b a s i s  was Schwab^^ who v a r i e d  
t h e  e l e c t r o n i c  s t r u c t u r e  and t h e r e f o r e ,  e l e c t r o n  a v a i l a b i l i t y  
o f  many homogeneous and h e te r o g e n e o u s  m e ta l  a l l o y s  by i n c o r ­
p o r a t i n g  m e t a l s  o f  d i f f e r e n t  e l e c t r o n i c  s t r u c t u r e .
t o .
F o l lo w in g  Schwab many w orkers  examined t h e  im p o r ta n c e  
o f  e l e c t r o n i c  s t r u c t u r e  i n  c a t a l y s i s .  Im p o r t a n t  c o n t r i b u ­
t i o n s  were made by Dowden and Reynolds^^  who on th e  b a s i s  o f  
i n i t i a t i o n  i n v o l v i n g  e l e c t r o n  exchange ,  s u c c e s s f u l l y  l i n k e d  
a c t i v i t y  w i t h  e l e c t r o n  a v a i l a b i l i t y  f o r  many r e a c t i o n s .  F o r  
exam ple ,  anomalous r e s u l t s  o b t a in e d  by Beeck and co -w o rk e rs  
0X1 e t h y l e n e  h y d r o g e n a t io n  o v e r  Cu, Ag and Au and Group V I I I  
m e t a l s  were s u c c e s s f u l l y  e x p la in e d  by Dowden and Reynolds a s  
due t o  h o l e s  i n  t h e  $ d , 4d end 5d bands  o f  t h e  Group V I I I  
m e t a l s .  S i m i l a r  e f f e c t s  were o b se rv e d  by Couper and Eley^® 
who showed t h a t  t h e  i n c l u s i o n  o f  Au i n t o  Pd d e c re a s e d  t h e  
a c t i v i t y  o f  Pd f o r  t h e  c o n v e r s io n  o f  p a r a  hydrogen  d e s p i t e  
t h e  s i m i l a r i t y  i n  a to m ic  r a d i i  o f  Au end Pd. F u r t h e r  work 
by Dowden and Reynolds^^  on t h e  d e c o m p o s i t io n  o f  H2O2 on 
F i-G u  a l l o y s  s u p p o r te d  t h e i r  e a r l i e r  t h e o r i e s .  They showed 
t h a t  t h e  r a t e  o f  d e c o m p o s i t io n  d e c re a s e d  as  t h e  e l e c t r o n  
a v a i l a b i l i t y  d e c r e a s e d ,  a  r e s u l t  in  harmony w i th  a  E ab e r -  
Weiss i n i t i a t i o n  r e a c t i o n  o f  t h e  form
m e ta l  e l e c t r o n  ~ OH^  + OH (15)
The e a r l y  s t u d i e s  o f  Langmuir assumed t h a t  t h e  s u r f a c e  
was composed o f  a g e o m e t r ic  a r r a y  o f  s i t e s  on which a d s o r p t i o n  
and r e a c t i o n  t o o k  p l a c e  w i t h  eq ua l  p r o b a b i l i t y .  C aX or im e tr ic  
s t u d i e s  by e . g .  G a m e r^ ^  and Tay lor^^  have e s t a b l i s h e d  i n  
many c a s e s  t h a t  t h e  h e a t s  of a d s o r p t i o n  v a r y  w i th  th e  f r a c t i o n  
o f  t h e  s u r f a c e  c o v e re d .  T h is  o b s e r v a t i o n  was i n t e r p r e t e d  
T a y l o r a s  due t o  t h e  e x i s t e n c e  o f  ’ a c t i v e  s i t e s ’ on which
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p r e f e r e n t i a l  a d s o r p t i o n  and r e a c t i o n  to o k  p l a c e  d ep e n d in g  
on t h e  en e rgy  h a r r i e r s  i n v o l v e d .
Whether c a t a l y s i s  i s  p re c e d e d  by a d s o r p t i o n  i n v o l v i n g  
c o v a l e n t  b o n d in g  o f  t h e  ad so rb e d  m o le c u le  o r  e l e c t r o n  t r a n s ­
f e r  be tw een  t h e  m e ta l  atom and t h e  a d so rb e d  m o le c u le ,  t h e  
work f u n c t i o n  o f  t h e  m e ta l  a s  a whole o r  t h e  d e g re e  o f  com­
p l e t i o n  o f  t h e  m e ta l  atom d-band a r e  c l e a r l y  t h e  i m p o r t a n t  
f a c t o r s  d e t e r m i n i n g  c a t a l y t i c  a c t i v i t y .
C a t a l y s i s  i n v o l v i n g  m e ta l  o x id e s  i s  however more 
complex and t h e  i n t e r a c t i o n  o f  th e  ad so rb e d  m o le c u le s  w i th  
e l e c t r o n s  o r  e l e c t r o n  d e f e c t s  a s s o c i a t e d  w i t h  t h e  o x id e  
l a t t i c e  i s  r e c o g n i s e d  as  t h e  i m p o r t a n t  c o n s i d e r a t i o n .  Thus 
Gray and D a r b y p o s t u l a t e d  t h a t  a d s o r p t i o n  o f  Og on NIC 
o c c u r r e d  p r e f e r e n t i a l l y  on m e ta l  i o n s  i n v o l v i n g  e l e c t r o n  
t r a n s f e r  from  t h e  m e ta l  i o n  to  t h e  0^ formj.ng O' . T h is  
would be o f  v i t a l  im p o r ta n c e  i n  t h e  c a t a l y s i s  by NIC o f  
o x i d a t i o n  r e a c t i o n s  e . g .  CO/Og to  COg o r  h y d ro c a rb o n  
o x i d a t i o n s .
Folkenshtein"^ '^  s u g g e s te d  t h a t  c a t a l y t i c  a c t i v i t y  was
a s s o c i a t e d  w i t h  t h e  equ il lb :r lu rn  o f  s u r f a c e  m i c r o - d e f e c t s  -  a
4-5 4-6t h e o r y  l a t e r  ex ten d e d  by B o u dar t  -  and T a y lo r  and Thon
p o s t u l a t e d  t h a t  o n ly  one ty p e  o f  a c t i v e  c e n t r e  was r e s p o n s i b l e
f o r  a  g iv e n  c a t a l y t i c  r e a c t i o n .  T h is  t h e o r y  assumed t h a t
t h e  a c t i v e  s i t e s  c o n s i s t e d  o f  d i s s e  d a t i v e l y  chemi so rbed
r e a c t a n t s .
Each s y s te m ,  p a r t i c u l . a r l y  i n  t h e  c a s e  o f  o x i d e s ,  must
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however be c o n s id e r e d  s e p a r a t e l y .  The c a t a l y s t  i n  t h e  
a b s e n c e  o f  t h e  s u b s t r a t e  w i l l  have a s u r f a c e  c o n s i s t i n g  o f  
v a r i o u s l y  s a t u r a t e d  i o n s ,  u n s a t u r a t e d  l a t t i c e  p o s i t i o n s  e t c .  
When t h e  s u b s t r a t e  i s  a d m i t t e d  t h e  a d s o r p t i o n  w i l l  a l t e r  
t h i s  s i t u a t i o n  i n  a  s p e c i f i c  way g i v i n g  r i s e  t o  a  r a n g e  o f  
’ a c t i v e  s i t e s ’ c o n s i s t i n g  o f  condensed r a d i c a l s  o f  v a r i o u s  
k i n d s  each  p e r h a p s  c a p a b le  o f  r e a c t i o n  w i th  t h e  u n ad so rb e d  
s u b s t r a t e  c o n s t i t u e n t s .
(b )  E a r l y  H e te ro g en eo u s  S t u d i e s«na» ÉAr> «mm n- « w  mmm mmm w u  w jw  «Me*
I t  was t o  be  e x p e c te d  t h a t  t h e  t h e o r i e s  w hich  had 
b een  so s u c c e s s f u l  i n  u n d e r s t a n d in g  homogeneous r e a c t i o n s  
sh o u ld  be a p p l i e d  t o  t h e  i n t e r p r e t a t i o n  o f  h e t e r o g e n e o u s  
s y s t e m s .
From h i s  o b s e r v a t i o n s  on t h e  d e c o m p o s i t io n  o f  HgOg by 
P t ,  ÂU, Pd, Ag and Zn, Weiss p roposed  t h a t  t h e  i n i t i a t i n g  
a c t i o n  o f  t h e  s u r f a c e  m e ta l  atoms was s i m i l a r  t o  t h a t  e x e r t e d  
by  d i s s o l v e d  m e ta l  i o n s  i . e .  an e l e c t r o n  from th e  m e t a l  s p l i t  
t h e  a d so rb e d  p ro d u c in g  t h e  r a d i c a l  OH i . e .
V 2 ^ ®metal = ^ (15)
o r  i n  a l k a l i n e  s o l u t i o n
EgOg ^  H'*' + KOg' (5)
E 0 ^ ‘ = HOg + «Eietal  (16)
The rem ova l  o f  an e l e c t r o n  from a  m e ta l  i s  governed
by t h e  p o t e n t i a l  b a r r i e r  a t  t h e  s u r f a c e  w hich  i n  t u r n  i s
c o n t r o l l e d  by t h e  work f u n c t i o n .  U s in g  a method p rop osed  
by Gurney^®, Weiss d e c r e a s e d  t h e  work f u n c t i o n  o f  many m e t a l s  
by a p p l y i n g  a  n e g a t i v e  p o t e n t i a l  and found  t h a t  t h e  c a t a l y t i c  
a c t i v i t y  was i n c r e a s e d ,  an e f f e c t  i n  ag reem en t  w i t h  t h e  
e l e c t r o n  t r a n s f e r  t h e o r y  i f  (15) was t h e  r a t e  c o n t r o l l i n g  
s t e p .  I n  h i s  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  Weiss i g n o r e d  
t h e  i n f l u e n c e  o f  a l a y e r  o f  ox ide  s t a t i n g  t h a t  such  a l a y e r  
would be  t r a n s p a r e n t  to  e l e c t r o n s  and t h a t  c a t a l y s i s  would be 
c o n t r o l l e d  s o l e l y  by t h e  e l e c t r o n i c  n a t u r e  o f  t h e  u n d e r l y i n g  
m e t a l .  He a l s o  c o n s id e r e d  t h a t  r a d i c a l  c h a in s  t o o k  p l a c e  i n  
a  h ig h  c o n c e n t r a t i o n  r e g i o n  ad so rb e d  a t  t h e  s u r f a c e  o f  t h e  
m e t a l .  The s h o r t  c h a in  l e n g t h s  found  were e x p la in e d  on t h e  
p r o p o s i t i o n  o f  t e r m i n a t i o n  by s u r f a c e  rem oval  o f  t h e  f r e e  
r a d i c a l s  p r o p a g a t i n g  the  c h a in s  i . e .
OH HOg Og ^  EgO  ( 1 7 )
OH ^ « m e ta l  = OB' (18)
" « m e ta l  = HOg' (19)
(c )  S em ico n d u c t in g  Oxides  a s  C a t a l y s t s
An e x p l a n a t i o n  o f  t h e  p r o p e r t i e s  o f  o x id e s  a s
c a t a l y s t s  demands an  u n d e r s t a n d i n g  o f  t h e i r  e l e c t r o n i c  s t r u c ­
t u r e  and t h e  r ô l e  o f  i o n i c  l a t t i c e  d e f e c t s  e t c . , i n  t h e i r  
make u p .
The m ost  a c t i v e  c a t a l y s t s  f o r  décomposit ion^^®
a r e  t h o s e  i n  w hich  t h e  s t a b l e  o x id e  h a s  a  ten d e n c y  t o  f o m ,
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i n  a i r ,  a  s m a l l  amount o f  a  h i g h e r  v a l e n c y  o x id e  e . g .  Gu^G, 
CoO and t o  a  l e s s e r  e x t e n t  NiO. Such o x id e s  a r e  examples  
o f  t h e  c l a s s  o f  P - ty p e  s e m ic o n d u c to r s .  They e x h i b i t  no n -  
f a r a d a i c  c o n d u c t i v i t y  i n  t h e  s o l i d  s t a t e  and t h e  c u r r e n t  
c a r r i e r  i s  i d e n t i f i e d  a s  a  p o s i t i v e  e n t i t y  -  t h e  ”e l e c t r o n  
h o l e ” -  w h ich  can be t h o u g h t  o f  when l o c a l i s e d  a s  t h e  c a t i o n
■4''4*o f  h i g h e r  v a l e n c y  e . g .  Cu i n  Cu^O. 
i . e .
Cu*® I ] Gu*
r \ *  * r\<* » r \*  * r\« f
Cu Cu
O ' '  0 "  O'Cu"^ L-J
where @ r e p r e s e n t s  a  p o s i t i v e  h o l e
i r e p r e s e n t s  a  v a c a n t  c a t i o n  s i t e
These o x i d e s  a r e  t o  be d i s t i n g u i s h e d  from  H - ty p e  semi­
c o n d u c to r s  i n  w hich  cux’r e n t  i s  t r a n s p o r t e d  n o n - f a r a d a i c a l l y  
a l s o  b u t  now by m o b i le  e x c e s s  e l e c t r o n s  e . g .  i n  ZnO con­
t a i n i n g  a  s l i g h t  e x c e s s  o f  Zn atoms h e ld  i n  i n t e r s t i t i a l  
p o s i t i o n s  where t h e y  r e a d i l y  i o n i s e .  The l o c a l i s e d  e l e c t r o n s
can be c o n s i d e r e d  a s  a  Z n^  I o n  which  i n  an a r r a y  o f  Zn*^' i s  a
n e g a t i v e  e n t i t y  e . g .
Zn
0
O'
Zn
Zn
Zn
0 "
•4- 4"
Zn
0 "
n "
Zn+ 4-
O'
Zri V. a . s c’Î I
e !
O' ' *•----
where e r e p r e s e n t s  q u a s i - f r e e  e l e c t r o n s
Z n ^ r e p r e s e n t s  an i n t e r s t i t i a l  z i n c  i o n .
2 1 .
But t h e  o x id e  s t r u c t u r e  i s  more complex th a n  t h e  
c o n d u c t i o n  would im p ly .  There  a r e  a l s o  l a t t i c e  i o n  d e f e c t s  
o f  v a r i o u s  k i n d s ,  e . g .  i t  i s  assumed t h a t  i n  any r e a l  c r y s t a l  
a t  any t e m p e r a t u r e  t h e r e  e x i s t s  a  number o f  i m p e r f e c t i o n s  
which  a r e  i n  a s t a t e  o f  e q u i l i b r i u m  w i th  t h e  p e r f e c t  l a t t i c e .  
The l i m i t i n g  c a s e s  f o r  t h i s  ty p e  a r e  e q u a l  c o n c e n t r a t i o n s  o f  
v a c a n t  a n io n  and c a t i o n  s i t e s  -  S c h o t tk y  d e f e c t  -  and t h e  
p r e s e n c e  o f  i n t e r s t i t i a l  atoms o r  i o n s  -  F r e n k e l  d e f e c t .  
C onduc t ion  i s  caused  by t h e  m i g r a t i o n  o f  t h e  v a c a n t  s i t e s  o r  
i n t e r s t i t i a l  e n t i t i e s  th ro u g h  a s e r i e s  o f  l a t t i c e  p o s i t i o n s .
P a r t i c u l a r l y  r e l e v a n t  to  t h e  c o n s i d e r a t i o n  o f  t h e  
c a t a l y s t s  a s  s e m ic o n d u c to r s  has  been  t h e  work o f  G arner  and 
c o -w o rk e rs  on t h e  o x i d a t i o n  o f  Cu and t h e  r e a c t i o n s  CO/Og 
and N^O d e c o m p o s i t io n  on Cu^O. E x am in a t io n  by G arner ,  Grey 
and S tone^^ o f  t h e  o x i d a t i o n  o f  copper  and t h e  a d s o r p t i o n  
o f  v a r i o u s  g a s e s  on Cu^O produced  s e v e r a l  i n t e r e s t i n g  
o b s e r v a t i o n s .
( i )  The oxygen was ad so rb e d  on t h e  Cu^O i n  a p a r t i c u l a r l y  
a c t i v e  form  which was a s s o c i a t e d  w i t h  t h e  con du c tance  
e l e c t r o n s  s i n c e  i t s  a d s o r p t i o n  was accompanied by an 
i n c r e a s e  i n  t h e  c o n d u c t i v i t y  o f  t h e  Cu^O. The oxygen 
was t h e r e f o r e  c o n s id e r e d  a d so rb e d  a s  O' o r  0^ '  i o n s  
i n d u c i n g  t h e  f o r m a t i o n  o f  a  p o s i t i v e  h o le
e . g .  Og + Cu"^  = Cu"*" .^02 '
t h e r e b y  i n c r e a s i n g  th e  c o n d u c t i v i t y
2 2 .
( i l ) They p ro po sed  t h a t  t h e  Og was a d so rb e d  a s  a m o le c u le
s i n c e  t h e  h e a t  o f  a d s o r p t i o n  d id  n o t  exceed 50~35 
k o a l . / m o l e .
( i i i )  The a c t i v i t y  o f  t h e  s u r f a c e  was d e s t r o y e d  by CO.
From t h i s  t h e y  conc luded  t h a t  a d s o r p t i o n  o c c u r r e d  on 
exposed Cu atoms l y i n g  above t h e  norm al  l a t t i c e .  
T re a tm e n t  w i th  CO formed an i n t e r m e d i a t e  complex 
c a r b o n a t e  which s u b s e q u e n t ly  decomposed l i b e r a t i n g  
Og and d e s t r o y i n g  a v a c a n t  c a t i o n  s i t e .
( i v )  They s u g g e s te d  t h a t  t h e  a d s o r p t i o n  o f  Og a s  a 
n e g a t i v e  s p e c i e s  was an i m p o r t a n t  s t e p  i n  t h e  CO/Og 
r e a c t i o n  t a k i n g  p la c e  on CUgO.
COF u r t h e r  work by G arner ,  S tone  and T i l e y  e s t a b l i s h e d  t h a t  
Og was d i 880d a t i v e l y  ad so rbed  e i t h e r  as  O' o r  O' ' and a 
r e a c t i o n  mechanism f o r  t h e  CO/Og r e a c t i o n  on CUgO was
p ro p o sed  i n v o l v i n g  th e  e s t a b l i s h m e n t  o f  a s t a t i o n a r y  s t a t e
be tw een  t h e  a d s o rb e d  s p e c i e s  CO, 0 and 00^ i . e .
O2 (Sas)  = 2
CO (g as )  = 0 0 ( a d s . )
G O(ads.)  + 2 0 (3^3  ) = 0 0 5 (3 3 3 ^) w i t h  e x c e s s  GO
^ ° 3 (a d 6 . ) ’^  ^ ° ( a d s . )  =" ^GOg
The a d s o r p t i o n  o f  Og was c o n s id e r e d  t h e  r a t e  c o n t r o l l i n g  
s t e p  s i n c e  i t  i n v o lv e d
Og = 2 0
and 2 0 = O' o r  O' '
2 3 ,
S i m i l a r  c a t a l y t i c  and c o n d u c t i v i t y  m easurem ents  
c a r r i e d  o u t  by Wagner^5 s u g g e s te d  t h e  o c c u r r e n c e  o f  an 
an a lo g o u s  p r o c e s s  d u r i n g  t h e  d e c o m p o s i t io n  o f  FgO on ZnO.
The p roposed  mechanism in v o lv e d  a r a t e  d e t e r m i n i n g  e l e c t r o n  
exchange  a c r o s s  an ad so rb ed  l a y e r  i . e .
FpO + c a t a l y s t  + 2e = Ng + O ' ( a d s . )
O' '  ^ + FgO = c a t a l y s t  + 2e + Ng + Og
A lthough  t h e  d e c o m p o s i t io n  o f  HgOg r e p r e s e n t s  a more 
complex p i c t u r e  t h a n  e i t h e r  CO/Og r e a c t i o n  o r  RgO decomposi­
t i o n  t h e r e  a r e  r e a s o n s  to  s u g g e s t  t h a t  t h e  b a s i c  mechanisms 
may be s i m i l a r .  These r e a s o n s  a r e
( i )  The r e l a t i v e  c a t a l y t i c  e f f i c i e n c i e s  o f  v a r i o u s  o x id e s  
f o r  t h e  CO/Og r e a c t i o n  as  r e p o r t e d  by S tone^^  i s  
s i m i l a r  t o  t h a t  ob se rv ed  by G igu ère^^  and Ross^^ f o r  
t h e  v a p o u r  phase  d e c o m p o s i t io n  o f  HgOg. F o r  CO/Og 
r e a c t i o n  i n  o r d e r  o f  d e c r e a s i n g  a c t i v i t y
CoO >  CUgO NiO FegO-2-, CrgO^, ZnO
MgO, AlgO. 
compared t o
MngO^:^ P b O ^  AggO CoO/COgO^^ CUgO T:' NiO (g re e n )
CuO^ FegO^ CdO> ZnO :>SnOg >  a-AlgO^ > g l a s s
f o r  t h e  v a p o u r  phase  d e c o m p o s i t io n  o f  HgOg. These 
r e s u l t s  s u g g e s t  t h a t  P - ty p e  o x i d e s  a r e  more a c t i v e  
t h a n  N - ty p e  o x id e s  which a r e  more a c t i v e  th a n  
i n s u l a t o r s .
L 4 .
( i i )  A s i m i l a r  o x id e  e f f i c i e n c y  r e l a t i o n s h i p  f o r  t h e
d e c o m p o s i t io n  o f  NgO has  been com piled  by D e l l ,
f(
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S to ne  and T i l e y ^ ^  o l l o w i n g  e x t e n s i v e  work by
Schmid and K e l l e r
There  has  n o t  been  a  g r e a t  d e a l  o f  work c a r r i e d  o u t  on t h e  
h e t e r o g e n e o u s  d e c o m p o s i t io n  o f  aqueous  BgOg s o l u t i o n s  by 
o x i d e s .  B rou g h ton  and Wentworth^® and B rough ton ,  Wentworth
RQand L a in g  s t u d i e d  t h e  c a t a l y s i s  o f  HgOg by MnOg and showed 
t h a t  accu m u la te d  i n  s o l u t i o n  u n t i l  t h e  s o l u t i o n  was
s a t u r a t e d  w i t h  Mil (OH) g . A l t e r n a t e  o x i d a t i o n  and r e d u c t i o n  
o f  t h e  ÎÆnOg formed t h e  b a s i s  o f  t h e i r  p ro p o sed  mechanism 
which  was a s  f o l l o w s
üüiOg + HgOg + 2H'*' :: + 2HgG + Og
2HgGg Mri(GH)g + 2H'*'
Mn(GH)g + HgOg = MnOg + 2HgO
T h is  r e a c t i o n  scheme was f u r t h e r  su p p o r te d  by r a d i o a c t i v e  
t r a c e r  e x p e r i m e n t s .
S i m i l a r  m easurem ents  on v a r i o u s  s u p p o r te d  manganese 
o x id e s  were c a r r i e d  o u t  by Mooi and Selwood^^ who p o s t u l a t e d  
a d i f f e r e n t  mechanism to  t h a t  p roposed  by B roughton  and 
Wentworth. T h is  mechanism, based  on r e l e v a n t  f r e e  energy  
d a t a  and o b s e r v a t i o n s  made by Dubois^^®^^ on t h e  c o m p o s i t io n  
o f  manganese o x i d e ,  i n v o lv e d  s im u l t a n e o u s  o x i d a t i o n  and 
r e d u c t i o n  be tw een  t r i  and t e t r a  v a l e n t  manganese i n  t h e  form
25»
o f  a  Haber-W eiss  o n e - e l e c t r o n  s t e p  i . e .
MngO^ + HgOg = 2MnOg + HgO
2MnOg + HgOg = Og + MUgO^ + HgO
R ecen t  work by Y o l tz  and W elle r^^  h^s  been  d i r e c t e d  
to w a rd s  a  c o r r e l a t i o n  between  c a t a l y t i c  a c t i v i t y  and s u r f a c e  
o x i d a t i o n  s t a t e .  The c a t a l y s t s  used  were chromia and 
c h r o m ia /a lu m in a  which had been p r e t r e a t e d  a t  500^0 i n  an 
a tm o sp h e re  o f  Hg o r  Og, and i t  was found  t h a t  t h e  o x i d i s e d  
c a t a l y s t s  were s i x  t o  e i g h t  t im e s  a s  a c t i v e  a s  t h e  re d u ced
o n e s .  A lso  Schwab^^ obse rved  t h a t  t h e  s p i n e l  MgO . FSgO^
was a b e t t e r  c a t a l y s t  f o r  aqueous HgOg d e c o m p o s i t io n  t h a n  
t h e  s p i n e l  ZnO . PegO^. Replacement o f  t h e  by Zn'*”*’
i n  t h e  magnesium f e r r i t e  improved i t s  e f f i c i e n c y  by a 
c o n s i d e r a b l e  amount.
5» P u rp o se  o f  P r e s e n t  I n v e s t i g a t i o n s .
P r e s e n t  t h e o r y  c o n c e rn in g  h e te r o g e n e o u s  c a t a l y t i c  
d e c o m p o s i t io n  o f  HgOg i s  based  on one o f  two main ap p ro a c h e s  
i . e .
( i )  A Haber-W ei88 ty p e  mechanism.
T h is  mechanism which i s  m a in ly  b a se d  on an a lo g y  w i th  
homogeneous sy s tem s  i d e n t i f i e s  t h e  r a d i c a l s  OH and 
HOg ( O g ' ) a s  t h e  r e a c t i v e ,  c h a in  p r o p a g a t i n g  s p e c i e s .  
The r a d i c a l s  which a r e  p roduced  by e l e c t r o n  t r a n s f e r  
a t  t h e  s o l i d  s u r f a c e  a r e  c o n s i d e r e d  f r e e  t o  p ro p a g a te
26.
t h e  r e a c t i o n  i n  t h e  h ig h  c o n c e n t r a t i o n  r e g i o n  
n e a r  t h e  s u r f a c e .
(11) A Bray and G orin  ty p e  mechanism.
T h is  mechanism which has  n o t  a t t r a c t e d  s u p p o r t e r s  
a s  has  t h e  Haber-W eiss  scheme, p ro p o s e s  an a c t i v e  
i n t e r m e d i a t e  formed be tw een  t h e  c a t a l y s t  and t h e  
HgOg i . e .  u n l i k e  t h e  f r e e  u n r e s t r i c t e d  r a d i c a l s  
c o n ta in e d  i n  t h e  Haber-W eiss  scheme t h i s  r e a c t i v e  
s p e c i e s  i s  l o c a l i s e d  b e in g  p e rm a n e n t ly  l i n k e d  w i th  
t h e  c a t a l y s t  p r o p e r .  A l though  t h i s  t h e o r y  was a l s o  
deve loped  from  homogeneous sy s tem s  i t  has  been 
s u c c e s s f u l l y  a p p l i e d  to  h e te r o g e n e o u s  enzyme 
c a t a l y t i c  sys tem s  e . g .  t h e  d e c o m p o s i t io n  o f  HgOg by 
th e  enzyme c a t a l a s e  i s  b e l i e v e d  to  p roceed  a c c o r d i n g  
to  t h e  scheme
E + S = ES
ES + S = E + P
where E i s  t h e  enzyme
S i s  t h e  HgOg
P i s  t h e  p ro d u c t
The i n t e r p r e t a t i o n  o f  r e s u l t s  o b t a i n e d  from r e a c t i o n  
b e tw een  HgOg and i n o r g a n i c  s o l i d  s u r f a c e s  i s  f u r t h e r  com pli­
c a te d  by p o s s i b l e  o x id e  f o r m a t i o n .  No m e t a l l i c  s u r f a c e  can 
be c o n s id e r e d  f r e e  from o x id e .  Under norm al  a tm o s p h e r i c  
c o n d i t i o n s  such  f o r m a t i o n s  may be o n ly  a few (say  20 -  100)
27.
a n g s t ro m s  t h i c k  b u t  i n  sys tem s i n v o l v i n g  t h e  d e c o m p o s i t io n  
o f  HgOg, f o r m a t i o n  o f  an a p p r e c i a b l e  t h i c k n e s s  o f  o x id e  
l a y e r  i s  t o  be e x p e c t e d . The f o r m a t i o n  o f  such  an o x id e  
h a s  b ee n  d i s m is s e d  from many k i n e t i c  d i s c u s s i o n s  on t h e  
a s s u m p t io n  t h a t  i t  does  n o t  a f f e c t  t h e  c a t a l y t i c  p r o p e r t i e s  
o f  t h e  b u l k  c a t a l y s t .  Dowden and R eynolds^^  d i s c u s s e d  t h i s  
added c o m p l i c a t i o n  b u t  su g g e s te d  t h a t  t h e  s h o r t  c o v a le n t  
f o r c e s  p r e s e n t  i n  th e  m e ta l  o x id e s  were d ep en den t  o n ly  on 
t h e  o x id e  l a y e r  and t h e r e f o r e  changes  i n  c a t a l y s i s  caused  by 
ch an ges  i n  t h e  e l e c t r o n i c  s t r u c t u r e  o f  t h e  m e ta l  were 
e x p l a i n a b l e  o n ly  by d i r e c t  r e f e r e n c e  to  t h e  b u lk  m e t a l .  I f  
however r e a c t i o n  t a k e s  p l a c e  a t  a c t i v e  s i t e s  on t h e  s u r f a c e
i . e .  l o c a l i s e d  f r e e  r a d i c a l s  t h e n  r e s u l t s  must be r e l a t e d  to  
t h e  o x id e  l a y e r  s i n c e  changes  i n  t h e  e l e c t r o n i c  n a t u r e  o f  
t h e  u n d e r l y i n g  m e ta l  would r e a s o n a b ly  be e x p e c te d  t o  a l t e r  
t h e  r e a c t i v i t y  and number o f  t h e  a c t i v e  p o s i t i o n s .
I t  does  n o t  t h e r e f o r e  a p p e a r  v a l i d  to  i n t e r p r e t  t h e
r e s u l t s  from h e te r o g e n e o u s  HgOg c a t a l y s e d  sys tem s  w i th o u t
c o n s i d e r i n g  t h e  e x a c t  n a t u r e  o f  t h e  c a t a l y s i n g  s u r f a c e ,  w i th
p a r t i c u l a r  r e f e r e n c e  to  o x id e  f o r m a t i o n .  A s u g g e s t i o n  o f  a
c y c l e  s u i t a b l e  f o r  an o x id e  s u r f a c e  i s  c o n ta in e d  i n  t h e  scheme
p ro p o s e d  by Bray and Gorin^^ f o r  t h e  -  HgOg
6*5homogeneous r e a c t i o n .  U ri  ^ c o n s id e r e d  t h i s  scheme was 
u n l i k e l y  i n  s o l u t i o n  f o r  two r e a s o n s .  These were
( i )  A complex r e a r r a n g e m e n t  was r e q u i r e d  which d id  n o t  
a g re e  w i th  t h e  e x p e r im e n ta l  a c t i v a t i o n  e n e r g i e s  o f
28.
5 t o  10 k c a l s  a s  found  by B a x en d a le ,E v an s  and P a rk s^ ^
( i i )  No i r o n  atoms i n  t h e  f i n a l  polym er were d e t e c t e d  by
B a x e n d a le ,  Evans and P a rk s  i n  t h e  Pe'*”*'/HgOg i n i t i a t e d
p o l y m e r i s a t i o n  r e a c t i o n s .
The Bray and Gorin  scheme was d ev e lop ed  however f o r  t h e  homo­
geneous  Pe'^ '^ '^/HgOg r e a c t i o n  and t h e  above d i s a d v a n t a g e s  need 
n o t  n e c e s s a r i l y  a p p ly  to  a  h e te r o g e n e o u s  p r o c e s s  where i t  may 
be t h a t  a Bray and Gorin  ty p e  mechanism more t r u l y  r e p r e s e n t s  
t h e  s o l i d  s u r f a c e .
Work c a r r i e d  o u t  i n  t h i s  l a b o r a t o r y  by H ar t  and 
McPadyen^^ and H ar t  and Ross^*^ on th e  v ap o u r  phase  decomposi­
t i o n  o f  H^Og, f u r t h e r  em phasised  t h e  im p o r ta n c e  o f  o x i d i s e d  
m e ta l  s u r f a c e s .  Thus,  u s in g  f lo w  methods H ar t  and McPadyen 
examined d e c o m p o s i t io n  on Cu and Ni g auzes  which had been  
exposed t o  t h e  a tm o sp h e re .  A s e r i e s  o f  i n t e r e s t i n g  c y c l i c  
e f f i c i e n c y  changes were o bse rved  which were l a t e r  r e p e a t e d  
by H a r t  and Ross u s i n g  b u l k  o x i d e s .
I t  was c l e a r  from t h e s e  r e s u l t s  t h a t  t h e  ox id e  i t s e l f  
p lay ed  an i m p o r t a n t  r ô l e  i n  t h e  c a t a l y s i s .  There  was i n  f a c t  
no e v id e n c e  t o  s u g g e s t  t h a t  a t h i n  o x id e  f i l m  on a m e ta l  s u r ­
f a c e  p o s s e s s e d  any n o t i c e a b l y  d i f f e r e n t  a c t i o n  t h a n  t h e  b u lk  
o x id e  i t s e l f .
The f i r s t  aim o f  t h i s  work was t h e r e f o r e  to  t e s t  
t h e s e  c o n c l u s i o n s  w i th  ox ide  c a t a l y s t s  i n  t h e  s o l u t i o n  p h a s e .  
In  p a r t i c u l a r  i t  was r e g a r d e d  a s  i m p o r t a n t  t o  t e s t  f o r  t h e
29
p r e s e n c e  o f  t h e  slow c y c l i c  e f f e c t s  o b t a i n e d  i n  t h e  v a p o u r  
p h a s e .  I f  t h e s e  o c c u r r e d  i n  t h e  s o l u t i o n  phase  a s  w e l l ,  i t  
would s u b s t a n t i a t e  t h e  c o n c lu s io n s  t h a t  t h e y  were due t o  
p r o c e s s e s  o c c u r r i n g  i n  t h e . o x i d e  o r  o x id e / h y d r o x i d e  i t s e l f .
I t  was hoped a l s o  to  be a b l e  t o  l i n k  t h e  work on o x i d e s  w i th  
t h a t  on enzymes. An o x id e  m igh t  p o s s i b l y  be shown t o  be a 
b e t t e r  model t h a n  a m e ta l  o f  an enzyme c o n s id e r e d  a s  a  
h e t e r o g e n e o u s  c a t a l y s t  r a t h e r  t h a n  a s  t h e  q u a s i -h o n o g e n e o u s  
one i t  i s  u s u a l l y  t a k e n  to  b e .
A f u r t h e r  aim was to  a t t e m p t  by a  d e t a i l e d  s tu d y  o f  
t h e  k i n e t i c s  o f  t h e  c a t a l y t i c  p r o c e s s  and o f  t h e  k i n e t i c s  of  
t h e  changes  i n  c a t a l y s t  e f f i c i e n c y  t o  o b t a i n  some i n s i g h t  
i n t o  t h e  d e t a i l e d  mechanism o f  HgOg d e c o m p o s i t io n .  The b u lk  
o f  t h e  work concerned  i n  t h i s  a p p ro a c h  a p p l i e d  t o  t h e  one 
c a t a l y s t  CUgO. I t  was n e c e s s a r y  t o  e x te n d  t h e  e x a m in a t io n  
to  one o r  two s i m i l a r  o x id e s  t o  show t h a t  t h e  e f f e c t s  were 
n o t  s p e c i f i c  t o  t h e  one s u b s t a n c e .
A r i s i n g  o u t  o f  t h e  i n t e r p r e t a t i o n  o f  t h e  e a r l y  
r e s u l t s ,  e x p e r im e n ts  were seen  to  be n e c e s s a r y  on model 
s u r f a c e s  c o n s i s t i n g  o f  HO' and HOg' i o n s  h e ld  t o  a  r e l a t i v e l y  
i n e r t  s o l i d .  T h is  l e d  t o  e x p e r im e n ts  w i t h  a n io n  exchange 
r e s i n s  which proved to  be most h e l p f u l  i n  exam in ing  c r u c i a l  
s t a g e s  i n  t h e  main c o n c l u s i o n s .
50
E X P E R I M E N T A L
1. I n t r o d u c t i o n
The o b j e c t  o f  t h e  work was t o  s tu d y  t h e  d e c o m p o s i t io n  
o f  aqueous  HgOg on s o l i d  o x id e s  i n  such  a way a s  t o  p e r m i t  
s p e c i a l  i n v e s t i g a t i o n  o f  any e f f i c i e n c y  changes  which could  
be a s c r i b e d  t o  some a l t e r a t i o n  i n  t h e  s t a t e  o f  t h e  c a t a l y s t  
d u r i n g  r e a c t i o n .  F o r  t h i s  pu rpose  a s t a t i c  sys tem  i n  which 
t h e  change o f  |HgO^ w i th  t im e  i n  a  volume o f  s o l u t i o n  con­
t a i n i n g  a f i x e d  q u a n t i t y  o f  t h e  c a t a l y s t  would have been  
u n s u i t a b l e .  Such sys tem s i n v o l v e  s im p le  e x p e r im e n ta l  
t e c h n i q u e s  b u t  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  would be d i f f i ­
c u l t  i f  c a t a l y t i c  e f f i c i e n c y  i s  a f f e c t e d  by such  v a r i a b l e s  
a s  s u b s t r a t e  c o n c e n t r a t i o n ,  s o l u t i o n  o f  c a t a l y s t ,  s t i r r i n g  
and s h a k in g  and t h e  p a r t i c u l a r  p roblem  o f  gas b u b b le  s e p a r a ­
t i o n  from  a p a r t i c u l a t e  c a t a l y s t .
A f lo w  sys tem  was t h e r e f o r e  ch o se n .  T h is  en a b le d  
a t t e n t i o n  to  be fo c u s e d  r e a d i l y  on t h e  changes  t a k i n g  p l a c e  
i n  t h e  e f f i c i e n c y  o f  t h e  c a t a l y s t .  An a p p a r a t u s  g i v i n g  
c o n s t a n t  f lo w  c o n d i t i o n s  was d e s ig n e d  and a t e c h n i q u e  
d e v e lo p e d  by which  t h e  e f f i c i e n c y  o f  t h e  c a t a l y s t  cou ld  be 
c o n t i n u a l l y  o b se rv e d  d u r i n g  t h e  co u rse  o f  t h e  r e a c t i o n .
2. E f f i c i e n c y  A p p a ra tu s  and E x p e r im e n ta l  T e c h n iq u e .
The a p p a r a t u s  euid t e c h n i q u e  i s  d e a l t  w i t h  u n d e r  two 
h e a d i n g s : -
31.
(a )  S tead y  p r o p u l s i o n  o f  s t a n d a r d  s u b s t r a t e
(b) Measurement o f  changes  i n  c a t a l y s t  e f f i c i e n c y
(a )  S t £ a ^ _ P r o £ u l s i o n  of__Standard S u b s t r a t e
( a . i )  P r o p u l s i o n  o f  s u b s t r a t e .
A s t e a d y  u n co n tam in a ted  s t r e a m  o f  r e a c t a n t s  was 
o b t a i n e d  by pumping t h e  s u b s t r a t e  t o  a  c o n s t a n t  head d e v ic e  
by a s im p le  n i t r o g e n  l i f t  and u s i n g  th e  h y d r o s t a t i c  head t o  
d r i v e  t h e  l i q u i d s  t h r o u g h  th e  a p p a r a t u s .  The n i t r o g e n  l i f t  
was an a d a p t a t i o n  o f  t h e  a i r - l i f t  p r i n c i p l e  u sed  i n  i n d u s t r y  
and was p r e f e r r e d  o v e r  m ech a n ic a l  pumping b e c a u s e  o f  t h e  
d a n g e r  o f  c o n ta m in a t io n  from pump g lan d  l u b r i c a n t  o r  d iaphragm  
m a t e r i a l s .
The l i q u i d  f lowed ( p i g . 1) from r e s e i v o i r  t o
r e s e r v o i r  Rg. An u p ta k e  p ip e  P^ l e d  from r e s e r v o i r  Rg t o  
t h e  c o n s t a n t  l e v e l  t a n k s  s i t u a t e d  above bench  l e v e l  a t  a  
h e i g h t  s u f f i c i e n t  t o  g iv e  t h e  h y d r o s t a t i c  p r e s s u r e  r e q u i r e d  
t o  f o r c e  t h e  l i q u i d s  th r o u g h  t h e  e x p e r i m e n ta l  a ssem bly  a t  
t h e  maximum r e q u i r e d  v e l o c i t y .  A l e a d  from a n i t r o g e n  
c y l i n d e r  was hooked u n d e r  t h e  u p ta k e  p ip e  P^ and t h e  f lo w  o f  
n i t r o g e n  c a r r i e d  t h e  l i q u i d  up to  t h e  c o n s t a n t  l e v e l  t a n k  i n  
a s e r i e s  o f  s l u g s .
The r e a c t a n t s  from t h e  c o n s t a n t  head t a n k s  were 
m e te re d  a t  bench  l e v e l  i n  p r e v i o u s l y  c a l i b r a t e d  l i q u i d  f lo w  
m e te r s  ( F i g . 2 ) .
When t h e  f lo w  sys tem  was cou p led  t o  a  h e a t i n g
C o n s t a n t  H e a ^d  
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To Liciuio F lowmeters 
^ N D  R e a c t i o n  C h a m b e r .
F \ g .  I. T h e  S e c t i o n  Of T h e  E f f i c i e n c y  A p p a r a t u s  
G iv in g  C o n s t a n t  F l o w  Of  R e a c t a n t s .
S u b s t r a t e .,
Calibrated Dispuaceivilnt.
F i g . 2 .  L i q u i d  F l o w m e t e r ,
rn HzO)
Oz
Pa c k e d  W ith 
G l a s s  B>e a d s .
F i g . 3 .  O r i g i n a l  M i x i n g  D e v i c e . .
52 .
c o i l  and r e a c t i o n  chamber, d ec o m p o s i t io n  o f  t h e  R^Og p roduced  
s l i g h t  f l u c t u a t i o n s  i n  p r e s s u r e  a c r o s s  t h e  sys tem  d i s t u r b i n g  
s l i g h t l y  t h e  c o n s t a n t  r a t e  o f  f lo w  d e l i v e r e d  from t h e  m e te r s .  
The m e t e r s  were c o m p le te ly  i n s u l a t e d  from t h e s e  s m a l l  v a r i a ­
t i o n s  i n  p r e s s u r e  by s h o r t  s e c t i o n s  o f  c a p i l l a r y  t u b e  s e a le d  
i n  be tw een  t h e  r e a c t i o n  chamber and f lo w  m e te r s .
( a . i i )  A l t e r a t i o n  of  S u b s t r a t e  C o n c e n t r a t i o n .
Two in d e p e n d e n t  s t r e a m s  o f  H^Og and were used 
to  p ro d u c e  v a r i a t i o n s  i n  t h e  s u b s t r a t e  c o n c e n t r a t i o n  by 
a l t e r i n g  t h e i r  r e l a t i v e  r a t e s  o f  f lo w .  A l l  ru n s  were made 
a t  t h e  same t o t a l  f lo w  r a t e  so a s  to  e x c lu d e  f lo w  c o n d i t i o n s  
a s  a  v a r i a b l e  i n  t h e  e f f i c i e n c y  c o n s i d e r a t i o n s .
The m ix e r  f i r s t  used  i n  t h e  a p p a r a t u s  was b u i l t  
i n  im m e d ia te ly  a f t e r  t h e  f low  m e te r s  so t h a t  on ly  one h e a t i n g  
c o i l  was n e c e s s a r y .  The m ix ing  chamber ( F i g . 5) was a  
c y l i n d e r  10 cm. by 2 cm. i n t e r n a l  d i a m e te r  an g led  upward to  
re d u ce  t h e  d a n g e r  o f  dead sp a c e s  and bad m ix in g .  The chamber 
was packed w i t h  g l a s s  beads  to  b r e a k  up t h e  s t r e a m s  and g iv e  
added t u r b u l e n c e .  Equal  f lo w  r a t e s  o f  w a te r  and p e r o x id e  
were s e t  and 25 ml.  p o r t i o n s  o f  t h e  r e s u l t i n g  mixed s t r e a m  
were c o l l e c t e d  every  m in u te .  At a  n o te d  t im e  t h e  p e r o x id e  
was s h u t  o f f  and a f u r t h e r  s e r i e s  o f  sam ples  c o l l e c t e d .  The 
c o l l e c t e d  e f f l u e n t  was t i t r a t e d  a g a i n s t  s t a n d a r d  perm angana te  
and t h e  r e s u l t s  p l o t t e d  a s  shown ( F i g . 4 ) .  From t h e  t im e  t h e  
p e ro x id e  was s w i tc h e d  o f f  4 m in u te s  e l a p s e d  b e f o r e  t h e
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F i g .4. S howing The Time Taken  For A Ch a n g e  In S ugstrate Co ncen tr atio n  To Become 
Es t a b l is h e d  In The  Reaction  Ch a m s e r  Us in g  (^ )  Or ig in a u  M ixer  And Cb) 
Im p r o v e d  M ix ing  D e v i c e .
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o r i g i n a l  m ix tu r e  was swept c l e a r  f rom  t h e  m ix in g  chamber 
h e a t i n g  c o i l  and r e a c t i o n  t u b e . A f u r t h e r  7*5 m in u te s  
p a s s e d  b e f o r e  p u re  w a te r  was o b t a i n e d .  A lth o u g h  a s h a r p  
change  f rom  p e r o x id e  t o  w a te r  i s  more d i f f i c u l t  t o  a c h ie v e  
t h a n  a  change i n  c o n c e n t r a t i o n ,  i t  i s  c l e a r  from t h e
d i f f u s e  c h a r a c t e r  o f  P i g . 4 a  t h a t  t h e  p o s i t i o n  and d e s i g n  
o f  t h e  m ix in g  chamber d id  n o t  p e r m i t  a c l o s e  and a c c u r a t e  
e x a m in a t io n  o f  t h e  c h a n g e -o v e r  p e r i o d .
The sys tem  f i n a l l y  ado p ted  i s  shown i n  P i g . 5.
The s i n g l e  h e a t i n g  c o i l  i n  t h e  o r i g i n a l  a r r a n g e m e n t  was 
r e p l a c e d  by a s e p a r a t e  c o i l  f o r  b o t h  HgO and HgOg* The 
m ix in g  was c a r r i e d  o u t  im m e d ia te ly  b e f o r e  t h e  c a t a l y s t  
chamber by s im ply  j o i n i n g  t h e  s e p a r a t e  s t r e a m s .  Two s t o p ­
cocks im m e d ia te ly  b e f o r e  t h e  m ix in g  p o i n t  e n a b le d  e i t h e r  
s t r e a m  to  be c o m p le te ly  s h u t  o f f  and a th r e e -w a y  s to p - c o o k  
a f t e r  t h e  m ix e r  a l lo w ed  t h e  r e a c t i o n  chamber t o  be  b y - p a s s e d  
and t h e  c o n c e n t r a t i o n  o f  t h e  s u b s t r a t e  e n t e r i n g  t h e  chamber 
d e t e r m in e d .  With t h i s  scheme t h e  change o v e r  t o  new c o n d i ­
t i o n s  was s h a rp  ( P i g . 4 b) b e in g  a lm o s t  com p le te  i n  50 s e c o n d s .
( a . i i i )  S u b s t r a t e  H e a t in g  System.
The s o l u t i o n s  were h e a te d  t o  t h e  r e a c t i o n  te m p e ra ­
t u r e  i n  a  t h e r m o s t a t t e d  w a t e r - b a t h  c o n t a i n i n g  t h e  h e a t i n g  
c o i l s ,  m ix in g  p o i n t  and r e a c t i o n  chamber. The b a t h  was 
h e a te d  by R o b e r t so n  h e a t i n g  lamps and t h e  t e m p e r a tu r e  
c o n t r o l l e d  by a h o t  w i re  vacuum s w i t c h  and t o l u e n e  r e g u l a t o r .
REACTION C h a m b e r  
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F i g .  6 . R e a c t io n  C h a m b e r  \u VsIhich %  Decomposition Was  
D e te rm in e d  By K M n  O4. T i t ra t io n .
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T hree  s t i r r e r s  were n e c e s s a r y  t o  g iv e  a d e q u a te  c i r c u l a t i o n  
i n  t h e  b a t h .  The h e a t i n g  c o i l s  were o f  5 mm. d i a m e te r  
t u b i n g  5 m e te r s  lo n g .  T h is  l e n g t h  was s u f f i c i e n t  to  b r i n g  
t h e  t e m p e r a t u r e  o f  t h e  s o l u t i o n s  c l o s e  t o  t h a t  o f  t h e  b a t h  
and t o  r e d u c e  t e m p e r a tu r e  f l u c t u a t i o n s  t o  a  d eg re e  which  
p e r m i t t e d  t h e  s e n s i t i v e  measurement o f  c a t a l y s i s  by t e m p e ra ­
t u r e  r i s e  which  i s  d e s c r i b e d  below . T h is  was a c h ie v e d  by 
a p p r o a c h i n g  t o  w i t h i n  0 .5 ^  o f  t h e  b a t h  t e m p e r a t u r e  and by 
e n s u r i n g  t h a t  t h e  s t o c k  s o l u t i o n s  had been g iv e n  t im e  t o  
r e a c h  e q u i l i b r i u m  w i th  room t e m p e r a tu r e  b e f o r e  commencing a 
r u n .  I t  was n e c e s s a r y  to  b y -p a s s  t h e  r e a c t i o n  chamber w i t h  
s u b s t r a t e  u n t i l  t e m p e r a tu r e  e q u i l i b r i u m  was a t t a i n e d .
(b) Measurement o f  Changes i n  C a t a l y s t  E f f i c i e n c y
I n  a f lo w  sys tem  th e  m easurement o f  changes  i n  
c a t a l y s t  e f f i c i e n c y  can be made by o b s e r v i n g s -
( i )  t h e  l o s s  i n  s u b s t r a t e  c o n c e n t r a t i o n  by sam p l in g  and
a n a l y s i s  o f  s u b s t r a t e  o r  p r o d u c t .
( i i )  c o n t in u o u s  m easurement o f  change i n  some p h y s i c a l
p r o p e r t y  o f  t h e  s o l u t i o n .
The c h o ic e  o f  a  method was l i m i t e d  by t h e  need  to  work a t  a s  
s m a l l  a s  p o s s i b l e  a  d e c o m p o s i t io n  f o r  two r e a s o n s s -
(a )  t o  keep  t h e  a s  f a r  a s  p o s s i b l e  c o n s t a n t  o v e r  
t h e  c a t a l y s t  zone
(b) t h e  need  t o  keep  t h e  Og e v o l u t i o n  down i n  o r d e r  t o
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r e d u c e  t h e  p o s s i b i l i t y  o f  gas  o c c l u s i o n  i n . t h e  
c a t a l y s t  bed .
I n  p r a c t i c e  t h e  second requi^rement s e t  an u p p e r  l i m i t  o f  
0 .0 0 5  m oles  o f  H^Og p e r  m in u te  o r  a p p r o x im a te ly  1 ml o f  Og 
g as  p e r  sec o n d ,  b u t  t h i s  was o n ly  t o l e r a t e d  a t  t h e  h i g h e r  
|h^0 ^  . At 0 .0 25  M a d e c o m p o s i t io n  o f  0 .0025  M p e r  l i t r e  
was t h e  maximum p e r m i t t e d .  These r e q u i r e m e n t s  f a v o u re d  an 
e s t i m a t i o n  o f  t h e  p r o d u c t  r a t h e r  t h a n  t h e  r e a c t a n t s .
Measurement o f  oxygen e v o l u t i o n  i s  q u i t e  a  s e n s i t i v e  
i n d i c a t i o n  o f  d e c o m p o s i t io n .  Thus a 0 . 1 ^  d e c o m p o s i t io n  o f  
0 .5  M HgOg f lo w in g  a t  100 mis p e r  m in u te  e v o lv e s  1 .12  mis o f  
Og p e r  m in u te .  The method i s  however d i f f i c u l t  t o  u s e  a s  a 
f a s t  c o n t in u o u s  method s i n c e  t h e  ev o lv ed  oxygen h a s  t o  be 
e f f i c i e n t l y  s e p a r a t e d  from t h e  l i q u i d  s t r e a m s  and t h i s  i n t r o ­
du ces  some d e l a y .  The l i q u i d  must a l s o  i n i t i a l l y  have a 
s t a n d a r d  d e g re e  o f  gas  s a t u r a t i o n .  I n  t h e  p r e s e n t  method 
t h e  f a c t  t h a t  t h e  l i q u i d  was s a t u r a t e d  w i t h  Ng which  came o u t  
o f  s o l u t i o n  on warming to  t h e  b a t h  t e m p e r a tu r e  c r e a t e d  an 
e x t r a  d i f f i c u l t y  f o r  t h i s  method.
E s t i m a t i o n  o f  t h e  i n  sam ples  c o l l e c t e d  o v e r
s h o r t  p e r i o d s  o f  t im e  e i t h e i '  by c o l o r i m e t r i c  methods o r  by 
d i r e c t  KMnO  ^ t i t r a t i o n s  i s  h e a v i l y  han d icap p ed  i n  t h e  p r e s e n t  
work by t h e  need  t o  o p e r a t e  a t  v e r y  sm a l l  f r a c t i o n s  o f  change.  
C o l o r i m e t r i c  m ethods e . g .  t i t a n i u m  d i o x id e  and c o n c e n t r a t e d  
HgSO^, i o d i d e  (U.V. e s t i m a t i o n  o f  s t r a w  c o l o u r )  o r  i o d i d e  and 
s t a r c h  ( v i s i b l e  e s t i m a t i o n  o f  b l u e  c o l o u r  w i t h  s t a n d a r d  s t a r c h )
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a r e  t h e  most s e n s i t i v e  h u t  a r e  o n ly  a p p l i c a b l e  a t  t o t a l  
c o n c e n t r a t i o n s  o f  10*"  ^ and belov/. No m easurem ents  were made 
a t  such  low . I n  an i l l u s t r a t i v e  run  t i t r a t i o n  w i th
0.1N KMnO^ was used  t o  measure  t h e  amount o f  0 .0 5  M HgOg 
decomposed by C u^O (oxid ised  copper  gauze)  jammed i n  t h e  
r e a c t i o n  chamber ( F i g . 6 ) .  Water a t  a d e f i n i t e  f lo w  r a t e ,  
pH and i o n i c  s t r e n g t h  was p a ssed  th ro u g h  t h e  sys tem  u n t i l  
t h e rm a l  e q u i l i b r i u m  was a t t a i n e d .  The w a te r  was t h e n  
r e p l a c e d  by 0 .0 5  M HgOg a t  t h e  same f lo w ,  pH and i o n i c  s t r e n g t h .  
Samples o f  t h e  s u b s t r a t e  l e a v i n g  t h e  r e a c t i o n  chamber were 
c o l l e c t e d  a t  e q u a l  t im e  i n t e r v a l s  and t i t r a t e d  a g a i n s t  t h e  
KMnO^o The t i t r a t i o n  r e s u l t s  ( F i g . 7) show t h a t  l a r g e  p e r c e n t ­
age d e c o m p o s i t io n  i s  r e q u i r e d  t o  use  t h i s  method. The amount 
o f  Og evo lved  and t h e  c o n c e n t r a t i o n  g r a d i e n t  a c r o s s  th e  
c a t a l y s t  a r e  i n c r e a s e d  by such  a  r i s e  i n  p e r c e n t a g e  decomposi­
t i o n .  T e s t s  showed t h a t  f o r  m e a s u ra b le  c o n c e n t r a t i o n  changes  
t h e  r a t e  o f  0 ^  e v o l u t i o n  and t h e  c o n c e n t r a t i o n  g r a d i e n t  become 
a p p r e c i a b l e  so t h a t  t h e  c a t a l y s t  s u r f a c e  a r e a  and c o n c e n t r a ­
t i o n  e f f e c t s  a r e  o b s c u re d .
The p h y s i c a l  method adop ted  had a l s o  to  t a k e  a c c o u n t  
of  t h e  f r a c t i o n a l  change l i m i t a t i o n  m en t ioned  above and t o  
work on a p a r a m e te r  l i m i t e d  to  t h e  amount o f  p ro d u c t  formed 
r a t h e r  t h a n  t h e  amount o f  H^Og l o s t .  The method used  was to  
measure t h e  h e a t  evo lv ed  i n  t h e  c a t a l y s i s .
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( b . i )  Thermal Measurement o f  D ecom posi t ion .
The d e c o m p o s i t io n  o f  1 l i t r e  o f  a 1 M s o l u t i o n  
o f  EgOg t o  l i q u i d  II^O and 0 ^  l i b e r a t e s  255 c a lo r i e s ^ ®  
r a i s i n g  t h e  t e m p e r a tu r e  by 0 . 255^0 i f  t h e  p r o c e s s  i s  a d i a b a t i c .  
1^ d e c o m p o s i t io n  o f  a 0 .0 2  M s o l u t i o n  would r e s u l t  i n  a
0 .0 0 5 °  r i s e .
A d i a b a t i c  c o n d i t i o n s  have been assumed to  o b t a i n  a t  
t h e  c e n t r e  o f  t h e  r e a c t i o n  chamber p ro v id e d  t e m p e r a t u r e  
d i f f e r e n c e s  o f  n o t  more t h a n  1 .5 °  a r e  u s e d .  I t  i s  seen  
t h e r e f o r e  t h a t  a s e n s i t i v e  measurem ent o f  t h e  t e m p e r a t u r e  
b e f o r e  and a f t e r  t h e  c a t a l y s t  would g iv e  a p r e c i s e  i n d i c a t i o n  
o f  t h e  amount o f  d e c o m p o s i t io n  u n d e r  t h e  g iv e n  c o n d i t i o n s  and 
hence  o f  t h e  c a t a l y s t  e f f i c i e n c y .  F u r th e rm o re  i t  i s  p o s s i b l e  
t o  make such  m easurem ents  w i th  n e g l i g i b l e  d e l a y  by h a v in g  a 
th e rm o m ete r  e lem en t  o f  low h e a t  c a p a c i t y  i n  d i r e c t  c o n t a c t  
w i th  t h e  f l u i d .
Two such  e le m e n ts  have been  s u c c e s s f u l l y  used  i n  
s i m i l a r  r a t e / t i m e  m easurem ents  v i z
(a)  th e rm o c o u p le s
(b) t h e r m i s t o r s
The m easurement o f  t e m p e r a tu r e  d i f f e r e n c e s  a s  an 
i n d i c a t i o n  o f  t h e  r a t e  o f  sm a l l  amounts o f  r a p i d  e x o th e rm ic  
r e a c t i o n s  was u sed  by Bengough and M e l v i l l e ^ ^ ' ^ ^  vidth a 
th e rm o c o u p le .  I n  t h i s  way t h e y  f o l lo w e d  t h e  n o n - s t a t i o n a r y  
i n i t i a l  r a t e  o f  p h o t o p o l y m e r i s a t i o n .  The r i s e  i n  t e m p e r a tu r e
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was m easured  on a  s i n g l e  t h e r m o - j u n c t i o n  p la c e d  a t  t h e  c e n t r e  
o f  t h e  r e a c t i o n  v e s s e l .  The s l i g h t  change i n  e . m . f . had t o  
h e  a m p l i f i e d  hy a low impedemce D.C. a m p l i f i e r  and a u t o m a t i ­
c a l l y  r e c o r d e d .  D uring  t h e  s h o r t  t im e  t h a t  r e a d i n g s  were 
t a k e n  t h e  r e a c t i o n  a t  t h e  c e n t r e  o f  t h e  v e s s e l  was c o n s i d e r e d  
a d i a b a t i c  s i n c e  t h e  r e a c t i o n  m ix tu r e  was h e a te d  u n i f o r m ly  by 
ch e m ic a l  r e a c t i o n  and c o o l i n g  o n ly  o c c u r r e d  t h r o u g h  t h e  w a l l s .
The s e n s i t i v i t y  o f  such  a method depends on t h e  
c o n s ta n c y  o f  t h e  am bien t  t e m p e r a tu r e  and t h e  r e p r o d u c i b i l i t y  
o f  changes  i n  e . m . f .  w i t h  t e m p e r a t u r e .  The com ple te  r e a c t i o n  
chamber was immersed i n  a  t h e r m o s t a t i c a l l y  c o n t r o l l e d  b a t h  
m a i n t a i n e d  t o  w i t h i n  0 .01°C . T e s t s  showed t h a t  t h i s  s l i g h t  
f l u c t u a t i o n  p roduced  changes i n s i d e  t h e  r e a c t i o n  chamber o f  
t h e  o r d e r  o f  0 .001°C  which være n e g l i g i b l e  compared w i t h  t h e  
t e m p e r a t u r e  changes  caused  by p o l y m e r i s a t i o n .  The r e l a t i o n ­
s h ip  be tw een  e . m . f .  and t e m p e r a tu r e  was o b t a i n e d  by c a l i b r a ­
t i o n  and a h ig h  d e g re e  o f  r e p r o d u c i b i l i t y  o b t a i n e d .
The th e r m a l  m easurem ents  c a r r i e d  o u t  by Bengough and
71M e l v i l l e  were s u c c e s s f u l l y  r e p e a t e d  by Miyama and F u j i i  and 
Tanaka^^ u s i n g  a bead ty p e  t h e r m i s t o r  ( F i g . 8) as  t h e  te m p era ­
t u r e  s e n s i t i v e  e le m e n t .
T h e r m is to r s  a r e  a  s p e c i a l  t y p e  o f  r e s i s t a n c e  t h e r ­
mometer c o n s i s t i n g  o f  a  fra^^ment o f  a  s em ico n d u c to r  s e a le d  
i n  a t h i n  p r o t e c t i v e  g l a s s  s h e a t h .  They a r e  more s e n s i t i v e  
to  t e m p e r a t u r e  t h a n  a m e ta l  ( e . g .  P t )  r e s i s t a n c e  the rm o m ete r .  
Many w o rk e rs  have g iv e n  d e t a i l e d  s tu d y  to  t h e  t e m p e ra tu r e  /
r e s i s t a n c e  c h a r a c t e r i s t i c s  o f  s e m ic o n d u c to r s .  Thus B eck e r ,  
Green and P ea rso n ^ ^  u s i n g  t y p i c a l  mixed o x id e  s e m ic o n d u c to r s  
(m a n g a n e s e -n ic k e l  o x id e  and m a n g a n e s e - n i c k e l - c o b a l t  o x id e )  
showed t h a t  ^  t h e  r e s i s t a n c e  v a r i e d  w i t h  t h e  a b s o l u t e  
t e m p e ra tu r e ,  t o  a f i r s t  a p p ro x im a t io n  a c c o r d i n g  to  t h e  law
T>i . e .  l o g  R = -  c o n s t a n t
where ' T -  t e m p e r a tu r e  i n  °K
R = Ro when T = To
B = a c o n s t a n t  = 2 .305  x s l o p e  o f  t h e
l o g  R /1  l i n e .T
iE x a m in a t io n  o f  t h e  p l o t  o f  ].og R a g a i n s t  — o v e r  a  l a r g eTt e m p e r a t u r e  ra n g e  shows t h a t  t h e  s lo p e  o f  t h e  l i n e  i n c r e a s e s  
l i n e a r l y  w i th  t e m p e r a tu r e  and a more p r e c i s e  e x p r e s s i o n  i s
R = A. T "° .  e ^
where c. i s  a sm a l l  p o s i t i v e  o r  n e g a t i v e  number o r  z e r o .
Over s h o r t  r a n g e s  o f  t e m p e r a tu r e  however t h e  g ra p h  l o g  R/''^ 
can  be t a k e n  a s  l i n e a r  and t h e  s im p le  e x p r e s s i o n  u s e d .
The t h e o r y  o f  t h i s  r e l a t i o n s h i p  i s  w e l l  u n d e r s to o d  
f o l l o w i n g  t h e  work o f  Mott^^^ and o t h e r s .  C u r re n t  i s  c a r r i e d  
by e l e c t r o n s  o r  p o s i t i v e  h o l e s  which  a r e  c o n ta in e d  a t  concen­
t r a t i o n s  f i x e d  by t h e  c o m p o s i t io n  and p r e t r e a t m e n t  o f  t h e
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o x id e  m i x t u r e .  The c o n d u c t i v i t y  o f  t h e  m a t e r i a l  i s  t h e n  
g i v e n  by
FTC o n d u c t iv i t y  = A.e
where  ^  i s  a  c o n s t a n t  dep en d ing  on t h e  number o f  ch a rg e  
c a r r i e r s  and t h e i r  m o b i l i t y  i n  t h e  p a r t i c u l a r  c r y s t a l .  W i s  
an  ene rgy  f a c t o r  b e in g  t h e  h e i g h t  o f  t h e  p o t e n t i a l  b&iri 'ier 
w h ich  im pedes  t h e  movement o f  t h e  c a r r i e r .  I t  i s  c l e a r  t h a t  
_A would n o t  be e x p e c ted  to  rem ain  f i x e d  o v e r  a  wide tem p era ­
t u r e  ran g e  s i n c e  l a t t i c e  e x p a n s io n  would a f f e c t  m o b i l i t y  n o t  
t o  m en t io n  p o s s i b l e  changes i n  t h e  number o f  ch a rg e  c a r r i e r s .
The u s e  o f  t h e r m i s t o r s  p l a c e s  l e s s  e x a c t i n g  requJLre- 
m en ts  i n  t h e  r e s i s t a n c e  m easurem ents  t h a n  a  p l a t i n u m  r e s i s t ­
a n c e  th e rm o m e te r ,  r e q u i r i n g  o n ly  a c o n v e n t i o n a l  W lieatstone 
b r i d g e  and s e n s i t i v e  g a lv a n o m e te r .  T h e i r  u se  f o r  t e m p e r a tu r e  
ch ang es  o f  a s  l i t t l e  a s  0 .0 0 1 °  does  r e q u i r e  c o n s i d e r a b l e  c a r e  
however i . e .
( i )  The u l t i m a t e  a c c u ra c y  o f  any t e m p e r a tu r e  s e n s i t i v e
e lem en t  i s  t h e  a c c u ra c y  w i t h  which i t  i s  c a l i b r a t e d .
S in ce  t h e  l i n e a r i t y  between  l o g  R and — i s  o n lyTs t r i c t l y  o b se rv e d  o v e r  s h o r t  t e m p e r a tu r e  r a n g e s  i t  i s  n e c e s s ­
a r y  t o  c a l i b r a t e  t h e  t h e r m i s t o r s  o v e r  s h o r t  r a n g e s  ( say  5°) 
a b o u t  t h e  t e m p e r a t u r e  o f  u s e .
( i i )  I t  h a s  been  shown t h a t  once c a l i b r a t e d  t h e r m i s t o r s  
rem a in  s t a b l e  o v e r  s h o r t  p e r i o d s  b u t  t h e y  may v a r y  
s l i g h t l y  o v e r  y e a r s ^ ^  ? 7 5 ,7 6 ,7 7 ,7 8 ,7 9  A l th o u g h  t h e
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p r e c i s e  n a t u r e  o f  t h e  e f f e c t s  c a u s in g  f l u c t u a t i o n s  i n  t h e
s t a b i l i t y  a r e  n o t  e n t i r e l y  u n d e r s t o o d ,  Beck^^ h a s  s u g g e s t e d
t h a t  e x p o s u re  t o  wide t e m p e r a tu r e  d i f f e r e n c e s  i s  an im p o r tem t
f a c t o r .  A l though  a l t e r i n g  t h e  p o s i t i o n  o f  t h e  l o g  R / i
Tc a l i b r a t i o n  l i n e  r e l a t i v e  t o  t h e  a x i s ,  t h e s e  changes  (which 
a l t e r  t h e  v a l u e  o f  t h e  c o n s t a n t . i n  t h e  c a l i b r a t i o n  e q u a t i o n )  
do n o t  a f f e c t  t h e i r  u s e  a s  a  d i f f e r e n t i a l  i n s t r u m e n t .  I f  t h e  
t h e r m i s t o r s  a r e  u sed  o n ly  i n  t h e  n a r ro w  t e m p e r a tu r e  r a n g e  
o v e r  which  th e y  have been  c a l i b r a t e d  t h e s e  c h a n g es ,  i f  any,  
a r e  s m a l l  and e x t r e m e ly  slow and any s e r i e s  o f  r e s u l t s  b ased  
on t e m p e r a tu r e  d i f f e r e n c e  m easurem ents  a r e  e n t i r e l y  r e l i a b l e .
( i i i )  F o r  t h e  a c c u r a t e  measurement o f  s m a l l  t e m p e r a tu r e
d i f f e r e n c e s  c a r e  has  t o  be t a k e n  t o  s ee  t h a t  t h e  h e a t  
g e n e r a t e d  by t h e  m easu r in g  c u r r e n t  i n  t h e  bead i s  so 
sm a l l  t h a t  i t  r a i s e s  t h e  bead t e m p e r a tu r e  t o  an  e x t e n t  n e g l i ­
g i b l e  compared w i th  t h e  t e m p e r a tu r e  d i f f e r e n c e s  b e in g  
m easu red .  The v o l t a g e  a c r o s s  t h e  W heats tone  b r i d g e  must 
t h e r e f o r e  be k e p t  t o  a  minimum and r e s i s t a n c e s  u sed  i n  t h e  
c i r c u i t  t o  r e d u c e  t h e  c u r r e n t  f l o w i n g  th ro u g h  t h e  t h e r m i s t o r  
t o  a  v e r y  s m a l l  v a l u e .
T h is  t e m p e r a tu r e  r i s e  o f  t h e  e lem en t  i s  o f  co u rse  
d ep e n d en t  n o t  o n ly  on t h e  m e a su r in g  c u r r e n t  b u t  on t h e  h e a t  
d i s s i p a t e d  from  t h e  t h e r m i s t o r .  T h is  a s  shown by B eck e r ,
Green and P ea rso n ? ^  (who found  c u r r e n t  =
c o n s t a n t  x  h e a t  d i s s i p a t e d )  depends  on t h e  t h e r m a l  c o n d u c t iv ­
i t y  o f  t h e  medium and on t h e  r a t e  o f  f lo w  which sh o u ld
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t h e r e f o r e  he k e p t  c o n s t a n t  i n  a  s e r i e s  o f  com parab le  r u n s .
By w o rk ing  w i t h  v e r y  s m a l l  m e a su r in g  c u r r e n t s  i t  was p o s s i b l e  
however t o  n eg lec t ,  b o t h  o f  t h e s e  f a c t o r s .
( b . i i )  R e s i s t a n c e  M easu r ing  C i r c u i t .
A W heats tone  b r i d g e  c i r c u i t  ( F i g . 9) was u sed  t o  m easure  
t h e  r e s i s t a n c e  o f  t h e  t h e r m i s t o r .  A 2 v o l t  a c c u m u la to r  w i th  
a 4000 ohm r e s i s t a n c e  i n  s e r i e s  p ro v id e d  c u r r e n t .  The 
t h e r m i s t o r  r e s i s t a n c e  was b a la n c e d  a g a i n s t  a  5 - d i a l  Decade 
r e s i s t a n c e  box (Muirhead A, 825-N) w i t h  a  ra n g e  o f  0 -  10^ 
ohms i n  s t e p s  o f  0 .1  and an a c c u ra c y  o f  0 . 1 ^  2  (0 .002  ohms 
X No. o f  d i a l s )  f o r  r e s i s t a n c e s  above 1 ohm and ^  0 .5 ^
+ (0 .0 0 2  ohm X No. o f  d i a l s )  f o r  0 .1  ohm s t e p s .  The 1000 
ohm r e s i s t a n c e s  i n  t h e  f i x e d  b r i d g e  arms were a d j u s t e d  t o  
0 . 1 ^  w i t h  u n i f i l a r  v â n d in g s  o f  e u r e k a  w i re  and b a l a n c e  was 
o b s e rv e d  on a  Cambridge g a lv a n o m e te r  No.1298469 u sed  i n  con­
j u n c t i o n  w i t h  a m e te r  s c a l e .  A r e s i s t a n c e  o f  1000 ohms i n  
s e r i e s  w i t h  t h e  g a lv a n o m e te r  gave t h e  b e s t  compromise between 
damping and s e n s i t i v i t y .
The t h e r m i s t o r s  a v a i l a b l e  f o r  u se  were knov/n to  have 
a r e s i s t a n c e  o f  ab o u t  1000 ohms a t  4 0 ° C. T h e r e f o r e  f o r  t h e
above c i r c u i t  a t  40°C we have
1 1 1  1 1 R e s i s t a n c e  be tw een  A and B = -e- — s  —  + —  = —R  ^ Rg 2000 2000 1000
i . e .  R j^  = 1000 ohms 
T o t a l  r e s i s t a n c e  i n  c i r c u i t  = (1000 + 4000) ohms
= 5000 ohms
4" 3 ®
1? oC u r r e n t  f l o w in g  t h r o u g h  c i r c u i t  = — = ampe
R , 5000
. ". C u r r e n t  f l o w i n g  th ro u g h  each  an a  = — — amps
5000
= 2 • 10**  ^ amps.
The p o t e n t i a l  d i f f e r e n c e  a c r o s s  t h e r m i s t o r  w i t h  a  r e s i s t a n c e
o f  1000 ohms and a c u r r e n t  o f  2.10"^^ amps = 2o10“ ^«100C v o l t s
• *. W atts  d i s s i p a t e d  i n  t h e i m i s t o r  = 2 .1 0 “ ^.  1000. 2 . 10“*^watts
= 0 .0 4  m i l l i w a t t s .
I f  t h e  am bien t  t e m p e r a tu r e  i s  i n c r e a s e d  t o  50°C t h e  r e s i s t a n c e  
o f  t h e  t h e r m i s t o r  d ro p s  t o  800 ohms and t h e  w a t t s  d i s s i p a t e d  
becomes 0 .2  m i l l i w a t t s .
At b o t h  t e m p e r a tu r e s  t h e  d i s s i p a t i o n  i s  v e r y  s m a l l .
The d i s s i p a t i o n  c o n s t a n t  was d e te rm in e d  by m e a s u r in g  t h e  
r e s i s t a n c e  w i t h  a  r a n g e  o f  b a t t e r y  r e s i s t a n c e s  (from 0 t o  
8000 ohms) and t h u s  a  rang e  o f  b r i d g e  c u r r e n t s ,  and c a r r y i n g  
o u t  t h e  c a l c u l a t i o n  a b o v e « P i g . 10 shows power d i s s i p a t i o n  
p l o t t e d  a g a i n s t  A T .  ^  t h e  d i s s i p a t i o n  c o n s t a n t ,  i s  fo un d  
t o  be  232 d e g r e e s  p e r  w a t t .  Thus t h e  t e m p e r a t u r e  e l e v a t i o n  
a t  0 .0 4  m i l l i w a t t  i s  0 .00 8°  b u t  t h e  e f f e c t  o f  s m a l l  changes  
i n  t h e  v a r i a b l e  r e s i s t a n c e  i . e .  s m a l l  t e m p e r a tu r e  ch a n g es ,  i s  
c o m p le te ly  n e g l i g i b l e .
( b . i i i )  C a l i b r a t i o n  o f  T h e r m i s t o r s ,
Measurement o f  t e m p e r a tu r e  by t h i s  method r e q u i r e s  
an a c c u r a t e  c a l i b r a t i o n  o f  t h e  t h e r m i s t o r s  o v e r  t h e  t e m p e r a tu r e
4 0 2 0 Re s i s t a n c e  In  B a t t e r y  C i r c u i t * O h M s i o0 5
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r a n g e  c o n s i d e r e d .  S e v e r a l  methods o f  c a l i b r a t i o n  were t r i e d .
1 • The t h e r m i s t o r  was p la c e d  i n  a  Dewar f l a s k  c o n t a i n i n g
s t i r r e d  w a te r  a t  50^0. As t h e  t e m p e r a tu r e  dropped
t h e  r e s i s t a n c e  c o r r e s p o n d in g  t o  v a r i o u s  t e m p e r a t u r e s
m easured  on a 0 .1 ^  th e rm om ete r  were r e c o r d e d .  The
p l o t  o f  l o g  R a g a i n s t  — gave a s t r a i g h t  l i n e  o v e r  $0Tc e n t i g r a d e  d e g r e e s  wi.th a r e a d a b l e  a c c u ra c y  o f  C.O? C. 
A l th o u g h  n o t  a c c u r a t e  enough -  s e v e r a l  p o i n t s  were 
d i s p l a c e d  by a s  much a s  0 .1  o f  a  d eg re e  due i t  was 
t h o u g h t  t o  t h e  i n s e n s i t i v i t y  o f  t h e  l a r g e  b u lb ed  
th e rm o m e te r  t o  s m a l l  t e m p e r a t u r e s  r e c o r d e d  on t h e  
t h e r m i s t o r  -  t h e  method d id  d e m o n s t r a t e  t h e  ra n g e  o f  
a p p l i c a t i o n  o f  t h e  r e l a t i o n s h i p
T1l o g  R = — *5* c o n s t a n t
T
2. The t h e r m i s t o r  was s t r a p p e d  t o  t h e  b u lb  o f  a  6 d eg ree  
Beckman th e rm o m ete r  and t h e  a r ra n g e m e n t  p l a c e d  i n  a  
sm a l l  w a t e r  b a t h  w hich  was immersed i n  t h e  th e rm o -  
s t a t t e d  b a t h  d e s c r i b e d  above .  The w a te r  i n  t h e  f l a s k  
was a g i t a t e d  w i t h  a  s t i r r e r  and t h e  mouth o f  t h e  t u b e  
packed w i t h  c o t t o n  wool t o  r e d u c e  h e a t  l o s s  a t  t h e  
s u r f a c e  from  e v a p o r a t i o n .  . A t e l e s c o p e  f o c u s e d  on t h e  
Beckman s c a l e  a l lo w ed  t h e  t e m p e r a t u r e  t o  be r e a d  to
O.OOI^C and by v a r ; / i n g  t h e  t e m p e r a tu r e  o f  t h e  the rm o -  
s t a t t e d  b a t h  t h e  t e m p e r a t u r e / r e s i s t a n c e  v a l u e s  were 
o b t a i n e d  o v e r  t h e  r a n g e  40^0 -  50°C.
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The r e s u l t s  o b t a i n e d  from  t h i s  sys tem  were s t i l l  
n o t  a c c u r a t e  enough and t h e  u l t i m a t e  s e n s i t i v i t y  o f  
t h e  g a lv a n o m e te r  cou ld  n o t  be b r o u g h t  i n t o  p lay s  
each  p o i n t  was a s s o c i a t e d  w i t h  an u n c e r t a i n t y  o f  
a b o u t  0 .0 5 ^ .  The d e f i c i e n c i e s  i n  t h e  sy s tem  w e r e : -
(a )  The t h e r m i s t o r  f l u c t u a t e d  r a p i d l y  o v e r  a r a n g e  o f
i  0 .0 5 ^  w h i l e  t h e  Beckman s t a y e d  c o n s t a n t .  T h is  was 
due to  m icro  d i f f e r e n c e s  i n  t h e  t e m p e r a t u r e  o f  t h e  
w a te r  which  n e v e r  came to  a s u f f i c i e n t l y  s t e a d y  te m p e ra ­
t u r e  t h r o u g h o u t .  The l a r g e  Beckman b u lb  w i t h  i t s  
slow r e s p o n s e  smoothed o u t  t h e s e  t e m p e r a t u r e  e d d i e s .  
These d i f f e r e n c e s  cou ld  n o t  be re d u ced  by more v i g o r ­
ous s t i r r i n g  p ro b a b ly  becau se  t h i s  added to  t h e  h e a t  
l o s s e s  a t  t h e  s u r f a c e .
(b) T em p era tu re  c o n t r o l  was n o t  a d e q u a t e .  An o v e r a l l  
swing upwards o f  a b o u t  0 .01^  o c c u r r e d  f o l l o w i n g  th e  
"on" p e r i o d  o f  t h e  h e a t i n g  lamp.
3 . The method f i n a l l y  ado p ted  gave a d e q u a t e  a c c u r a c y .
The w a te r  s u r ro u n d in g  t h e  t h e r m i s t o r  was r e p l a c e d  
by 100 mis  o f  u n s t i r r e d  m ercu ry .  A more r a p i d  m ix ing  
o f  h e a t  was th e r e b y  o b t a i n e d  and s u r f a c e  e v a p o r a t i o n  
h e a t  l o s s e s  e l i m i n a t e d .  The t e m p e r a t u r e  c o n t r o l  i n  
t h e  b a t h  was v e ry  much improved by r e - d e s i g n i n g  t h e  
h e a t i n g  sy s tem .  Three  s t i r r e r s  o p e r a t i n g  a t  maximum 
speed  gave good c i r c u l a t i o n .  Two were l o c a t e d  a t
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com plem entary  c o r n e r s  o f  t h e  b a t h  and t h e  t h i r d  was p la c e d  
a d j a c e n t  t o  t h e  v e s s e l  c o n t a i n i n g  t h e  t h e r m i s t o r .  Background 
h e a t  was s u p p l i e d  by two R o b e r tso n  h e a t i n g  lamps w ired  i n  
p a r a l l e l  and co n n ec ted  t h r o u g h  a V a r i a c  a d j u s t e d  so t h a t  t h e  
sys tem  was j u s t  l o s i n g  h e a t .  A t h i r d  lamp c o n t r o l l e d  by a 
c l o s e  s e t  t o l u e n e  r e g u l a t o r  and r e l a y  s w i t c h  gave t h e  n e c e s s ­
a ry  t e m p e r a t u r e  c o n t r o l .  T h is  sys tem  when p r o p e r l y  s e t t l e d  
gave a t e m p e r a t u r e  c o n t r o l  o f  _+ 0 .0 0 1 ^ 0  w i t h  1 t o  2 second 
o n - o f f  p e r i o d s .  The s t o p p e r e d  v e s s e l  c o n t a i n i n g  t h e  t h e r m i ­
s t o r  and Beckman the rm o m ete r  ( a d j u s t e d  f o r  t h e  ra n g e  40°0 -  
45^C) was immersed i n  t h e  b a t h  and t h e  sy s tem  a l lo w e d  t o  r e a c h
O Qt h e r m a l  e q u i l i b r i u m  a t  40 C. The ^  0.001 t e m p e r a t u r e  f l u c ­
t u a t i o n s  i n  t h e  b a t h  were r e c o rd e d  s h a r p l y  on t h e  t h e r m i s t o r  
and no o t h e r  f l u c t u a t i o n s  were m a n i f e s t .  The t e m p e r a tu r e  o f  
t h e  t h e r m o s t a t t e d  b a t h  was i n c r e a s e d  i n  1° s t e p s  t o  5 0 °C and
r e s i s t a n c e - t e m p e r a t u r e  m easurem ents  c a r r i e d  o u t  a s  b e f o r e .
1T'rom f i v e  f i g u r e  l o g  t a b l e s  t h e  v a l u e s  o f  l o g  R and — wereTc a l c u l a t e d  and t h e  a v e ra g e  v a l u e s  a t  each  d e g re e  s t e p  d e t e r ­
m ined .  The s e c t i o n  o f  t h e  c a l i b r a t i o n  t a b l e  shown below 
i n d i c a t e s  t h e  c o n s ta n c y  w i t h  which t h e  t h e r m o s t a t t e d  b a t h  was 
m a in ta in e d  and t h e  a c c u ra c y  w i th  which s m a l l  t e m p e r a tu r e  f l u c ­
t u a t i o n s  were r e c o r d e d .
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Temp. on 
Beckman
R e s i s t .
ohms
D e f le c ­
t i o n
C o rre c te d
R e s i s t a n c e
Â bso l .
temp.
2
T l o g  R
5 .4 2 8 906 .5 -  2 906 .540 518 .715 5157598 2 .9572787
5 .4 5 0 906 .5 + 10 906.229 5 18 .717 5157579 2.9572579
5 .4 5 2 906 .5 + 19 906.164 518 .719 5157559 2 .9572068
5 .455 906 .5 +24 906.129 5 18 .7 20  5157550 2 .9571900
4 .7 02 6 72 .5 — J 9 8 7 2 .416 519.989 5125179 2 .9407246
4 .7 0 0 8 7 2 .4 -  9 8 72 .456 519.937 5125127 2.9407455
4 .7 0 0 8 7 2 .5 ■ -1 5 872.595 519 .987 5125127 2.9407122
4 .7 0 0 8 7 2 .5 -  9 872 .556 5 19 .987 5125127 2.9406958
4 .70 0 8 7 2 .4 -  2 872.415 519 .987 5125127 2.9407221
The second and t h i r d  decimaJ. p l a c e s  i n  t h e  c o r r e c t e d  r e s i s t a n c e
m easurem ents  were g iv e n  by t h e  d e f l e c t i o n  from a b s o l u t e  b a l a n c e
A change o f  0 .1  ohms produced  a d e f l e c t i o n  o f  16 mm. The p l o t
o f  l o g  R a g a i n s t  — on v e r y  l a r g e  g rap h  p a p e r  gave a  s t r a i g h tTl i n e  o v e r  t h e  c a l i b r a t i o n  ran g e  w i t h  a r e a d a b l e  a c c u ra c y  to
0 .0 0 1 ° .  T h is  c a l i b r a t i o n  was ca r i r ied  o u t  s e p a r a t e l y  f o r  each  
o f  t h e  two t h e r m i s t o r s  u s e d .
( b . i v ) .  T h e r m is to r  A rran g em en t .
A t w o - t h e r m i s t o r  a r ran g em en t  ( P i g . 11) was ad o p ted  t o  
m easure  t h e  e f f i c i e n c y  ch an g es .  The r e a c t i o n  chamber was 
12 cm. l o n g  by 2 cm. i n t e r n a l  d i a m e t e r  w i th  t h e  c a t a l y s t  bed 
l o c a t e d  a t  t h e  c e n t r e .  The t h e r m i s t o r s  s e a l e d  i n t o  B . 24 and 
B.19 s o c k e t s  w i t h  p o ly th e n e j  were s i t u a t e d  a s  shown i n  d i r e c t
To p  T h e r m i s t o r .
Ca t a l v s t
ZONC.
F i g . II. R e a c t i o n  C h a m b e r  W ith  A Two T h e rm is to r  
S y s t e m  F o r  M e a s u r in g  T e m p e r a t u r e  
D i f f e r e n c e  A c ro s s  C a t a l y s t  B e d .
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2  5  4-
Ti m e  In  M i n u t e s .
F i g . I2 & &  I2|7, \ARiA.TioNS IN THE R e c o r d e d  T e m p e r a t u r e  O f  T h e  
S u b s t r a t e  A t  D i f f e r e n t  R a t e s  O f  F u o w .
4 8 .
l i n e  b e f o r e  and im m e d ia te ly  a f t e r  t h e  c a t a l y s t  b e d . S in ce  
t h e  r e a c t i o n  chamber was immersed i n  t h e  b a t h  t h e  l e a d s  from 
t h e  bo t to m  t h e r m i s t o r  were encased  i n  a g l a s s  s h e a t h .
A t w o - t h e r m i s t o r  sys tem  was p r e f e r r e d  t o  a o n e -  
t h e r m i s t o r  sys tem  f o r  s e v e r a l  r e a s o n s ,  v i z :
1. The o n e - t h e r m i s t o r  sys tem  where t h e  e lem en t  i s  p la c e d
a f t e r  t h e  c a t a l y s t  bed assumes t h a t  t h e  t e m p e r a tu r e  
b e f o r e  t h e  c a t a l y s t  bed o f  b o th  H^O and s t r e a m s
i s  t h e  same. T h is  r e q u i r e s  t h a t  each  s t r e a m  i s  
h e a t e d  t o  e x a c t l y  t h e  same t e m p e r a tu r e  which  i n  f a c t  
was n o t  q u i t e  a c h ie v e d .
2. One t h e r m i s t o r  does n o t  a l lo w  t h e  t e m p e r a tu r e  o f  t h e  
i n c i d e n t  s t r e a m  to  be c o n t i n u a l l y  checked d u r i n g  
d e c o m p o s i t io n .  T em pera tu re  d i f f e r e n c e  i s  t h e r e f o r e  
b a se d  on a p r e - d e c o m p o s i t io n  v a l u e .
5- I t  was c o n v e n ie n t  to  have a  r e g u l a r  check on t h e
t h e r m i s t o r s  by comparing them w i t h  one a n o t h e r  t o  
guard  a g a i n s t  breakdown o f  one o f  them. As m en t ioned  
above a  v a r i a t i o n  i n  t h e  s t a b i l i t y  o f  a  t h e r m i s t o r  
need  n o t  a l t e r  th e  s lo p e  o f  t h e  c a l i b r a t i o n  l i n e .
I f  t h e r e f o r e  t h e r m i s t o r s  w i th  s i m i l a r  c o m p o s i t io n  a r e  
u sed  ( i . e .  w i t h  p a r a l l e l  c a l i b r a t i o n  l i n e s )  an a l t e r a ­
t i o n  i n  t h e  c h a r a c t e r i s t i c s  o f  e i t h e r  c a u s e s  a  r e g u l a r  
a l t e r a t i o n  i n  t h e  t e m p e r a tu r e  d i f f e r e n c e s  m easured  
u n d e r  a  g iv e n  c o n d i t i o n .  Such checks  were c a r r i e d  
o u t  r e g u l a r l y .  A f t e r  18 months a d e v i a t i o n  i n
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r e s i s t a n c e  had o c c u r r e d  a t  45^C and 100 mis a m in u te  
f lo w  which araounted t o  0 . 137^ e x p r e s s e d  a s  a  t e m p e ra ­
t u r e  d i f f e r e n c e .  S in ce  one t h e r m i s t o r  r e a d  h i g h e r  
and t h e  o t h e r  lo w e r  by a p p r o x im a te ly  t h e  same amount 
t h e  t e m p e r a tu r e  r e c o rd e d  by each  t h e r m i s t o r  a l t e r e d  
by o n ly  0 .0 6 8 °  d u r i n g  t h a t  p e r i o d .
( b . v )  T em pera tu re  C o n t ro l  o f  F low ing  S u b s t r a t e .
The t e m p e r a tu r e  c o n t r o l  o f  t h e  f l o w in g  s u b s t r a t e  was 
fo u n d  t o  v a r y  w i th  r a t e  o f  f lo w .
Water a t  60 m ls /m in u te  was p a s se d  th ro u g h  t h e  h e a t i n g  
c o i l  and r e a c t i o n  chamber. At th e rm a l  e q u i l i b r i u m  r e s i s t a n c e  
was e s t a b l i s h e d  on one o f  t h e  t h e r m i s t o r s  and t h e  d e f l e c t i o n s  
p ro d u c e d  on t h e  s c a l e  n o te d  o v e r  a c o n s i d e r a b l e  p e r i o d .  At 
t h i s  r a t e  o f  f lo w  t h e  t e m p e r a tu r e  f l u c t u a t e d  w i t h  a r a n g e  o f
0 .0 0 5  d e g re e s  ( F i g . 1 2 a ) .  The f l u c t u a t i o n s  were d e c r e a s e d  
t e n  t i m e s  when t h e  r a t e  o f  f lo w  was i n c r e a s e d  t o  100 mis p e r  
m in u te  ( F i g . 1 2 b ) .  S ubsequen t  r a t e  m easurem ents  were c a r r i e d  
o u t  a t  t h i s  r a t e  o f  f lo w  s i n c e  t h i s  d eg re e  o f  c o n t r o l  was i n  
e x c e s s  o f  t h e  t e m p e r a tu r e  d i f f e r e n c e s  l i k e l y  t o  be m easu red .
( b . v i )  C a l i b r a t i o n  o f  F lo w m ete rs .
The f lo w m e te r s  were c a l i b r a t e d  by m e a s u r in g  t h e  
volume o f  w a te r  p a s s i n g  th ro u g h  i n  a g iv e n  t im e .  The volume 
was m easured  a t  20 °C b u t  t h e  m e te r s  were ru n  a t  room te m p e ra ­
t u r e  18°C + 2 ° .  The a c t u a l  volume f lo w  t h r o u g h  t h e  c a t a l y s t
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chamber r e q u i r e s  t o  be a d j u s t e d  by t h e  d e n s i t y  r a t i o  b ec au se  
o f  t h e  h i g h e r  t e m p e r a tu r e  i n  t h e  e x p e r im e n t s .  T h is  i n c r e a s e s  
t h e  f lo w  a t  4 0 °C by 1 .0 ^  above t h e  f lo w m e te r  i x id ic a t e d  volume 
and by 1 .3 5 ^  a t  50°G. The sm a l l  i n c r e a s e  o f  0-35% i n  t h e  
f lo w  r a t e  t h r o u g h  t h e  bed was a l lo w ed  f o r  i n  c o n s i d e r i n g  
r e s u l t s  a t  t h e  two t e m p e r a t u r e s .  I t s  e f f e c t  was i n  f a c t  
u n im p o r ta n t*
( c ) Comple^ e_ Â £ para tu s
The a p p a r a t u s  f i n a l l y  used  i s  shown i n  F i g . 13* The 
com ple te  assem bly  was b u i l t  i n  Pyrex  g l a s s  w i t h  s h o r t  s e c t i o n s  
o f  p o l y t h e n e  t u b e  t o  g iv e  f l e x i b i l i t y .  P o ly th e n e  i s  com­
p l e t e l y  i n e r t  t o  H2O2 s o l u t i o n s .  The s t o c k  o f  HgOg and H^O 
was c o n ta in e d  i n  two 15 l i t r e  g l a s s  b o t t l e s  w i t h  ground g l a s s  
s t o p - c o c k s .  The s t o c k  b o t t l e s  were jo in e d  t o  t h e  n i t r o g e n  
pump r e s e r v o i r s  by s h o r t  s e c t i o n s  o f  7 mm p o l y th e n e  t u b e  
welded t o  t h e  g l a s s  t o  g iv e  f i r m  a d h e s io n .  The n i t r o g e n  
pump r e s e r v o i r s  were g l a s s  c y l i n d e r s  1 .5  m e t e r s  h ig h  and 3 cm. 
i n t e r n a l  d i a m e t e r ,  c o n t a i n i n g  t h e  u p ta k e  p i p e  and l i n k  from 
t h e  n i t r o g e n  c y l i n d e r .  The u p ta k e  p ip e  -  a  7 mm. i n t e r n a l  
d i a m e t e r  p ip e  w i t h  a 3 .1 0  j o i n t  i n  t h e  m id d le  -  l e d  i n t o  t h e  
c o n s t a n t  l e v e l  t a n k s  which were s u p p o r te d  2 .5  m e te r s  above 
t h e  bench  on a  Dexion i r o n  f ra m e .  The 10 l i t r e  c o n s t a n t  
l e v e l  t a n k s  were j o i n e d  to  t h e  downtake p i p e  t h r o u g h  a  ground 
g l a s s  s t o p - c o c k  and B . 10 j o i n t .  The o v e r f lo w  from  t h e  o v e r ­
head t a n k s  l e d  b ack  to  t h e  s t o c k  b o t t l e s .  A B .10  j o i n t  
j o in e d  t h e  5 mm. i n t e r n a l  d i a m e t e r  downtake p ip e  t o  t h e  l iq u i .d
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f l o w m e te r s .  The s e c t i o n s  on e i t h e r  s i d e  o f  t h e  f lo w m e te r s  
w ere  o f  5 mm. p o ly th e n e  t u b e .  T h is  gave n e c e s s a r y  f l e x i ­
b i l i t y  a t  t h i s  p o i n t  and a l low ed  t h e  r a t e  o f  f low  to  be 
c o n t r o l l e d  by s c r e w c l i p s .  The f lo w m e te r s  were j o i n e d  to  
t h e  h e a t i n g  c o i l s  by a B . 10 cone and s o c k e t .  On t h e  HgO 
l i n e  a th r e e -w a y  s t o p - c o c k  im m e d ia te ly  b e f o r e  t h e  h e a t i n g  
c o i l  a l lo w ed  a f low  o f  d i s t i l l e d  w a t e r  t o  be p a s s e d  th ro u g h  
t h e  r e a c t i o n  chamber a t  t h e  end o f  t h e  ru n .  S to p -c o c k s  and 
j o i n t s  were e n t i r e l y  f r e e  o f  g r e a s e .  The h e a t i n g  c o i l s  
c o n s i s t e d  each  o f  5 m e te r s  o f  5 mm. i n t e r n a l  d i a m e t e r  tu b e  
j o i n e d  t o  t h e  m ix in g  d e v ic e  by a B .10  cone and s o c k e t .  The 
r e a c t i o n  chamber was co nn ec ted  t o  t h e  m ix ing  d e v ic e  by a 
B .7  cone and s o c k e t .
(d) E x p e r im e n ta l  T ech n iqu e .'  mmrn W M  I W  ■■ —  M i»  mmmt •m mrn " S m m  « m »
The a p p a r a t u s  was lo a d e d  w i t h  R^Og s o l u t i o n  and H^O 
a t  t h e  same pH and i o n i c  s t r e n g t h .  The r a t e  o f  c i r c u l a t i o n  
was a d j u s t e d  so t h a t  s o l u t i o n  co u ld  be removed a t  100 mis 
p e r  m inu te  w i th o u t  d i s t u r b i n g  t h e  c o n s t a n t  l e v e l .
HgO a t  100 m ls /m in u te  was p a s s e d  t h r o u g h  t h e  r e a c t i o n  
chamber and t h e  V a r ia c  a d j u s t e d  t o  g iv e  th e rm a l  e q u i l i b r i u m .  
When t h i s  was re ach ed  t h e  r e s i s t a n c e  m easurem ents  o f  b o th  
t h e r m i s t o r s  were n o te d  a t  r e g u l a r  i n t e r v a l s  w h i le  H^O was 
p a s s i n g  t h r o u g h  t h e  sys tem . When t h e  i n i t i a l  t e m p e r a tu r e  
d i f f e r e n c e  had been  d e f i n i t e l y  e s t a b l i s h e d  t h e  HgO was 
r e p l a c e d  by H^O^ f l o w i n g  a t  t h e  same r a t e .  30 seco n d s  a f t e r
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t h e  change t h e  r e s i s t a n c e  v a r i a t i o n s  i n  t h e  t o p  t h e r m i s t o r  
were r e g u l a r l y  n o t e d  a t  s h o r t  t im e  i n t e r v a l s .  F o l lo w in g  
t h e  i n i t i a l  r a p i d  e f f i c i e n c y  changes  t h e  v a r i a t i o n s  become 
s lo w e r  and t h e  r e s i s t a n c e  o f  each  t h e r m i s t o r  can be e a s i l y  
r e c o r d e d .  T h is  was c o n t in u e d  u n t i l  a f i n a l  s t e a d y  e f f i c i e n c y  
s t a t e  was r e a c h e d .  The t e s t  was com ple ted  by r e - p a s s i n g  
HgO to  e n s u re  t h a t  th e  c a t a l y s t  sys tem  had r e t u r n e d  t o  i t s  
i n i t i a l  s t a t e ,  t h a t  t h e  am bien t  t e m p e r a tu r e  had rem ained  
c o n s t a n t  and t h a t  t h e  t h e r m i s t o r s  had n o t  u ndergone  any change 
d u r i n g  r e a c t i o n .
On c o m p le t io n  o f  t h e  t e s t  d i s t i l l e d  w a te r  was p a s s e d  
th r o u g h  t h e  sys tem  f o r  a t im e  t o  e n s u re  com ple te  rem oval  o f  
r e a c t a n t s  a d h e r i n g  to  t h e  c a t a l y s t  s u r f a c e .  The c a t a l y s t  
was a l lo w e d  t o  rem a in  i n  d i s t i l l e d  w a t e r  u n t i l  t h e  n e x t  t e s t .
From t h i s  p r o c e d u re  an a c c u r a t e  d e t e r m i n a t i o n  o f  t h e  
v a r i a t i o n s  i n  t e m p e r a tu r e  d i f f e r e n c e  can be o b t a in e d  d u r i n g  
t h e  whole t e s t  e x c e p t  f o r  t h e  p e r i o d  im m e d ia te ly  f o l l o w i n g  
t h e  change from H^O to  Rapid changes  o c c u r  d u r i n g
t h i s  p e r i o d  so t h a t  t h e  r e s i s t a n c e  v a r i a t i o n s  o f  o n ly  one 
t h e r m i s t o r  can be s u c c e s s f u l l y  fo l lo v ;e d .  S e v e r a l  manual 
methods were t r i e d  u n s u c c e s s f u l l y  t o  improve t h e  m easurem ent 
o f  t e m p e r a tu r e  d i f f e r e n c e  d u r i n g  t h i s  i m p o r t a n t  p e r i o d .  F o r  
example a  t h r e e - p o s i t i o n  s w i t c h  v/as i n c o r p o r a t e d  i n t o  t h e  
sys tem  so t h a t  e i t h e r  e lem en t  cou ld  be q u ic k ly  b ro u g h t  i n t o  
t h e  c i r c u i t .
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C o n s i d e r a t i o n  o f  t h e  t e m p e r a t u r e  d i f f e r e n c e s  i n v o l v e d  
however i n d i c a t e d  how t h i s  cou ld  be s u c c e s s f u l l y  acco m p lished *  
When H^O i s  p a s s i n g  th r o u g h  t h e  sys tem  t h e  t e m p e r a t u r e  o f  
b o t h  t h e r m i s t o r s  rem a in s  c o n s t a n t  and t h e  r e s i s t e o i c e s  o f  t h e  
t h e r m i s t o r s  can be i n d i v i d u a l l y  m easu red .  I d e a l l y  r e p l a c e ­
ment o f  t h e  HgO by d i l u t e  HgOg u n d e r  t h e  same c o n d i t i o n s  
sh o u ld  n o t  a f f e c t  t h e  t e m p e r a tu r e  o f  t h e  bo t tom  t h e r m i s t o r  
so t h a t  a t t e n t i o n  can be c o n c e n t r a t e d  a t  f i r s t  on t h e  to p  
e le m e n t  and t h e  t e m p e r a tu r e  d i f f e r e n c e s  c a l c u l a t e d  from  an 
assumed c o n s t a n t  i n i t i a l  t e m p e r a t u r e .
I n  t h e  p r e s e n t  a p p a r a t u s  t h i s  c o n d i t i o n  was c o m p l ic a te d  
s i n c e  i n d i v i d u a l  h e a t i n g  c o i l s  were u s e d .  As a r e s u l t  t h e  
i n i t i a l  e n t e r i n g  t h e  r e a c t i o n  chamber was a t  a  s l i g h t l y
h i g h e r  t e m p e r a t u r e  t h a n  t h e  s u b se q u e n t  s o l u t i o n ,  s i n c e  a  
volume e q u a l  t o  t h e  volume o f  t h e  R^Og h e a t i n g  c o i l  rem ained  
s t a t i c  i n  t h e  h e a t i n g  b a t h  d u r in g  t h e  p a s s a g e  o f  RgO. I n  
a d d i t i o n  t h e  l e n g t h  o f  t h e  HgOg c o i l  was s h o r t e r  t h a n  t h e  H^O 
c o i l  so t h a t  t h e  t e m p e r a tu r e  o f  t h e  H2O2 s t r e a m  was s l i g h t l y  
below t h a t  o f  t h e  H^O. The t e m p e r a t u r e  d i f f e r e n c e s  t a k i n g  
p l a c e  i n  t h e  bo t tom  t h e r m i s t o r ,  f o l l o w i n g  t h e  change HpO t o  
RgOg, s h o u ld  t h e r e f o r e  i n v o l v e  a s m a l l  d rop  p re c e d e d  by a  
s l i g h t  r i s e .
E xper im en t  v e r i f i e d  t h i s  c o m p le te ly  ( F i g . 14) g i v i n g  
e x c e l l e n t  r e p r o d u c i b i l i t y  and i t  was j u s t i f i a b l e  t o  assume 
t h a t  t h i s  p a t t e r n  o c c u r r e d  i n  a l l  r u n s  so t h a t  im m e d ia te ly  
f o l l o w i n g  t h e  change H^O t o  R^Og a t t e n t i o n  cou ld  be  fo c u s e d
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on t h e  t o p  t h e r m i s t o r  and t h e  s u b s e q u e n t  t e m p e r a tu r e  m easu re ­
m e n ts  c o r r e c t e d  u s i n g  t h e  t e m p e r a tu r e  f l u c t u a t i o n  c u rv e  o f  
t h e  bo t to m  t h e r m i s t o r .
As a  r e s u l t  t h e  t e m p e r a tu r e  d i f f e r e n c e s  d u r i n g  t h i s  
i m p o r t a n t  i n i t i a l  p e r i o d  were a c c u r a t e l y  d e te rm in e d  g i v i n g  
com ple te  co v e rag e  o f  t h e  whole r e a c t i o n  p e r io d  w i t h o u t  
r e c o u r s e  t o  e l e c t r i c a l  r e c o r d i n g  methods which would have 
s e r i o u s l y  c o m p l ic a te d  t h e  t e c h n i q u e .
(e )  I n i t i a l  T r i a l  o f  E f f i c i e n c y  A p p a ra tu s .
The f i r s t  t e s t  run  on t h e  a p p a r a t u s  was made w i t h  a 
s i l v e r  w i re  c a t a l y s t  which was chosen  to  be f r e e  f rom  slov; 
changes  w i t h  t im e .  The r e s u l t s  shov/ed v e r y  w e l l  t h e  d e g re e  
o f  r e p r o d u c i b i l i t y  ac li ievedc The two ru n s  were c a r r i e d  o u t  
on s u c c e s s i v e  days t h e  c a t a l y s t  b e i n g  s t o r e d  i n  w a te r  o v e r ­
n i g h t .  The t e m p e r a t u r e  r i s e  on each  ru n  was t h e  same
0 .6 7 5  2  0 .0 0 1 ^  each  b e in g  c o n s t a n t  w i t h i n  t h e  i n d i c a t e d  ra n g e  
f o r  a  p e r i o d  o f  25 m in u te s  m easurem ent.  Data  f o r  t h e  t e s t s  
a r e  = 0 .3 6  M, t e m p e r a tu r e  =*• 45^0, i o n i c  s t r e n g t h  =
0.001 and f lo w  = 100 ml s / m in u t e .  These f i g u r e s  dem o ns tr ­
a t e  t h a t  changes  o f  e f f i c i e n c y  o f  t h e  o r d e r  o f  1^ o f  t h a t  
m easured  cou ld  be d e t e c t e d  w i th  c e r t a i n t y  and p r e c i s i o n .
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( f )  E x p e r im e n ta l  V e r i f i c a t i o n  o f  A d i a b a t i c  B e h a v io u r
i n  R e a c t io n  Chamber.
The v a l i d i t y  o f  t h e  a s s u m p t io n  t h a t  t h e  t e m p e r a t u r e  
r i s e  i n d i c a t e d  by t h e  t h e r m i s t o r s  was a m easure  o f  t h e  h e a t  
r e l e a s e  i n  t h e  c a t a l y s t  zone -  and hence  t h e  amount o f  
r e a c t i o n  -  was t e s t e d  i n  t h e  f o l l o w i n g  e x p e r im e n t .
I n  p l a c e  o f  t h e  c a t a l y s t  a  t a n g l e  o f  46 gauge 
i n s u l a t e d  C o n s t a n t in  r e s i s t a n c e  w i re  (o f  t o t a l  r e s i s t a n c e  
10 ohms) was p la c e d  i n  t h e  r e a c t i o n  chamber. The ends  o f  
t h e  w i r e  were s o l d e r e d  t o  25 gauge i n s u l a t e d  co p p e r  w i r e ,  
t h e  s o l d e r e d  c o n n e c t io n  b e i n g  i n s u l a t e d  by an a d h e r e n t  
c o a t i n g  o f  wax. The w i re  l e a d s  were b ro u g h t  o u t  o f  t h e  
s i d e  arm ( F i g . 15) and p a s s e d  t h r o u g h  a  40 ohm r h e o s t a t  and 
a  s u b s t a n d a r d  Sangamo-Weston ammeter t o  an 18 v o l t  b a t t e r y .  
The r h e o s t a t  c o u ld  be a d j u s t e d  t o  g iv e  a r a n g e  o f  c u r r e n t  
up t o  1 amp which was c a l c u l a t e d  a s  s u f f i c i e n t  t o  d i s s i p a t e  
h e a t  i n  t h e  r e s i s t a n c e  w i r e  t o  r a i s e  t h e  t e m p e r a tu r e  o f  t h e  
f lo w  o f  100 mis  p e r  m in u te  by a b o u t  1 .5 ^ 0 .
The e x p e r im e n t  was c a r r i e d  o u t  by f i r s t  b r i n g i n g  t h e  
a p p a r a t u s  t o  e q u i l i b r i u m  a t  45^0. The r e s i s t a n c e  o f  t h e  
to p  t h e r m i s t o r  was re a d  f i r s t  w i th  no c u r r e n t  i n  t h e  
r e s i s t a n c e  w i r e  and t h e n  w i t h  0 .4  t o  0 . 8  amps i n  0 .1  amî) 
s t e p s .  Very s t e a d y  and r e p r o d u c i b l e  t h e r m i s t o r  r e s i s t a n c e s  
were o b t a i n e d  a t  each  c u r r e n t  s e t t i n g .  Over t h e  r a n g e  o f
2one d eg ree  i n  t e m p e r a tu r e  r i s e  t h e  g ra p h  o f  A T  a g a i n s t  _i_ ,
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where ±_ i s  t h e  c u r r e n t  i n  amps, was p e r f e c t l y  l i n e a r ,  
p a s s i n g  t h r o u g h  t h e  o r i g i n  w i th  a s l o p e  a lm o s t  e q u a l  t o  t h e  
t h e o r e t i c a l  v a l u e .  P i g .  16 shows t h e  l i n e  -  s l o p e  -  1 5 4 6  x 
d e g r e e s  f o r  a  g iv e n  c u r r e n t  i  -  f o r  a  f lo w  o f  93*7 m l s /m i n u t e .  
The t h e o r e t i c a l  s l o p e  was c a l c u l a t e d  a s  f o l l o w s : -
Energy d i s s i p a t e d / s e c .  i n  ) ^ 0 l o u l e st h e  1 0 .0  ohm r e s i s t a n c e  ) -  ^ j o u l e s
= 1 0 , .0 _ x ^ 2
4 .1 8
Plow o f  w a t e r / s e c .  = m is  = gms.60 60
T em pera tu re  r i s e  A  T =  -------  JO .O  x 60 —  ^2
4 .1 8  X 9 3 .7  X 0 .9 9 2  x 0 .99 8
p= 1.541 X i  d e g r e e s  
where t h e  s p e c i f i c  g r a v i t y  o f  w a te r  a t  45^0 i s  0-992 and t h e  
s p e c i f i c  h e a t  i s  0 .9 9 8 .
pThe e x p e r i m e n ta l  f i g u r e  o f  1 .546  x i  d e g r e e s  l i e s  
v e ry  c l o s e  t o  t h e  t h e o r e t i c a l  v a l u e .  The g r e a t e s t  s o u rc e  o f  
e r r o r  was t h e  f lo w  where i  0 .5  i s  a l l  t h a t  can be c la im e d .  
A no ther  s y s t e m a t i c  u n c e r t a i n t y  i n  t h i s  t e s t  e x p e r im e n t  was t h e  
a r ran g em en t  o f  t h e  r e s i s t a n c e  w i r e .  I n  e a r l i e r  t e s t s  temp­
e r a t u r e s  above and below t h e  t h e o r e t i c a l  were o b t a i n e d  b e c a u s e ,  
i t  was t h o u g h t ,  t h e  w i r e  was bunched u n e v e n ly .  Only when a 
v e ry  u n i fo rm  s p re a d  was a c h ie v ed  was t h e  above r e s u l t  o b t a i n e d .
D ur ing  t h e  t e s t  t h e  r e s i s t a n c e  o f  t h e  bo t tom  t h e r m i s t o r ,  
which was checked a t  each  c u r r e n t  s e t t i n g ,  rem ained  f a i r l y  
c o n s t a n t  showing t h a t  t h e r e  was no l e a k  back  o f  h e a t  from t h e  
d e c o m p o s i t io n  zone .
5 7 .
3• P o t e n t i a l  A p p a ra tu s  and E x p e r im e n ta l  T e c h n iq u e .
(a )
The a p p a r a t u s  f o r  measurement o f  e l e c t r o d e  p o t e n t i a l s  
o f  Cu^O i n  p r e s e n c e  o f  u n d e r  t h e  c o n d i t i o n s  o f  c a t a l y s i s
i s  shown i n  P i g . 17.
As i n  t h e  e f f i c i e n c y  a p p a r a t u s  ^2^ were con­
t a i n e d  i n  f l a s k s  P^ and P^. The r e s p e c t i v e  s o l u t i o n s  were 
drawn th ro u g h  t h e  sys tem  by a w a te r  vacuum pump co n n e c ted  to  
a s i d e  arm on th e  c a t a l y s t  chamber, and a t h r e e -w a y  s t o p - c o c k  
a l lo w ed  e i t h e r  s o l u t i o n  to  be i n d i v i d u a l l y  s e l e c t e d .
The c a t a l y s t  chamber ( i n s e r t ,  P i g . 17) was 15 cm l o n g  
and 1 cm. i n t e r n a l  d i a m e te r  w i th  a B.19 s o c k e t  a t  t h e  t o p .
The vacuum pump was a t t a c h e d  to  a s i d e  arm a t  th e  t o p  o f  t h e  
chamber and an i n t e r n a l  s e a l  e l e c t r i c a l l y  co n n e c ted  t h e  
s u b s t r a t e  p a s s i n g  th ro u g h  t h e  chamber t o  a r e f e r e n c e  e l e c t r o d e  
The c a t a l y s t  i n  t h e  form o f  w i re  was s e a l e d  w i th  p o ly th e n e  
i n t o  an ex tended  B.19 cone so t h a t  t h e  t i p  o f  t h e  i n t e r n a l  
s e a l  was a d j a c e n t  to  t h e  c a t a l y s t  s u r f a c e .
The p o t e n t i a l  was m easured  on a M uirhead p o t e n t i o m e t e r  
ty p e  D-72-A used i n  c o n j u n c t i o n  w i th  a Cambridge s p o t  g a lv a n ­
o m e te r .  A l l  p o t e n t i a l s  were m easured  a g a i n s t  a s a t u r a t e d  
ca lom el  e l e c t r o d e  co n n e c ted  t o  t h e  c a t a l y s t  chamber by a 
sodium p e r c h l o r a t e  s a l t  b r i d g e .
The c a t a l y s t  chamber and s o l u t i o n  r e s e r v o i r s  were 
c o n s t r u c t e d  i n  Pyrex  g l a s s  and immersed a lo n g  w i th  t h e
E l l c t r o o l  SALT BRIDGE.
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58
r e f e r e n c e  e l e c t r o d e  i n  a t h e r m o s t a t i c a l l y  c o n t r o l l e d  w a te r
b a t h  a t  45°C.
( h ) ^ £ 6  r im e n t  a l_ T £ ch n ^ q u e .
The c a t a l y s t  u n d e r  e x a m in a t io n  was p l a c e d  i n  p o s i t i o n
and t h e  assem bly  a l low ed  t o  r e a c h  th e rm a l  e q u i l i b r i u m  a t  t h e
r e a c t i o n  t e m p e r a t u r e T h e  s a l t  b r i d g e  was checked f o r  a i r  
gaps  and t h e  p o t e n t i o m e t e r  b a la n c e d  a g a i n s t  a  s t a n d a r d  
Weston c e l l .
With t h e  th re e -w a y  s t o p - c o c k  c o n n e c ted  t o  w a te r  
was drawn th r o u g h  t h e  sys tem  and zYie e q u j . l ib r iu m  p o t e n t i a l  
d e te rm in e d  a t  r e g u l a r  i n t e r v a l s .  When a c o n s t a n t  p o t e n t i a l  
was r e a c h e d  t h e  s t o p - c o c k  was co n n ec ted  t o  and HgOg drawn 
th r o u g h  t h e  c a t a l y s t  chamber. Im m ed ia te ly  t h e  change was 
e f f e c t e d  p o t e n t i a l  m easurem ents  were t a k e n  u n t i l  a s t e a d y  
p o t e n t i a l  had a g a in  been a t t a i n e d .
The t e s t  was com ple ted  by a r e t u r n  to  i n i t i a l
c o n d i t i o n s .
4c C le a n in g  o f  A p p a ra tu s .■■T M  mu I T — iaJMh— — ■11 a i i mJI ^
I t  was i m p o r t a n t  to  avo id  t h e  u se  o f  chromic a c id  
c l e a n i n g  m i x t u r e s  which a r e  Icnov/n to  l e a v e  t h e  g l a s s  s l i g h t l y  
c a t a l y t i c a l l y  a c t i v e .
The method adop ted  c o n s i s t e d  o f  f i r s t  r i n s i n g  t h e  
s e c t i o n  w i th  c o n c e n t r a t e d  a n a l a r  H^SO^ and washing  th o ro u g h ly  
w i th  w a t e r .  T h is  e f f e c t i v e l y  removed any g r e a s e  a d h e r i n g  to
39 .
t h e  g l a s s .  I t  was n e x t  r i n s e d  w i t h  EtOH and a few mis o f  
c o n c e n t r a t e d  a n a l a r  HNO^  were added .  The r e s u l t i n g  
v i g o r o u s  r e a c t i o n  l i b e r a t e d  h o t  n i t r o u s  fumes which  were 
a l lo w ed  t o  pe rm ea te  t h e  sys tem . The s e c t i o n  was f i n a l l y  
washed t h o r o u g h ly  i n  d i s t i l l e d  w a t e r .
C la s s  s u r f a c e s  t h u s  t r e a t e d  showed no a c t i v i t y  t o  
HgOg a t  50^C a s  ev id en ced  by com ple te  absence  o f  b u b b le s  
even a f t e r  some h o u rs  s t a n d i n g .
5. S u r f a c e  Area A p p a ra tu s  and Measurement T e c h n iq u e .
(a)  “
The a p p a r a t u s  u sed  ( P i g . 18) was a m o d i f ie d  v e r s i o n  o f
t h a t  p ro p o sed  f o r  e t h y l e n e  a d s o r p t i o n  a t  -1 8 3 ^ 0  by Duncan®^
81and Wooten and Callaway-Brown . The m ercury  s e a l s  used  by 
t h e  above w o rk e rs  were r e p l a c e d  f o r  co n v e n ie n ce  by vacuum 
s to p c o c k s  and a s e r i e s  o f  t h r e e  e x p a n s io n  volumes were i n t r o ­
duced .  The u se  o f  s t o p - c o c k  g r e a s e  i n t r o d u c e d  no d i f f i ­
c u l t i e s  i n  t h e  ra n g e  o f  m easurem ents  made and g r e a t l y  
f a c i l i t a t e d  t h e  p r o c e d u r e .
The a p p a r a t u s  was e v a c u a te d  by a  r o t a r y  backed  mercury  
d i f f u s i o n  pump a t t a c h e d  t o  t h e  vacuum m a n i fo ld  t h r o u g h  two 
l i q u i d  a i r  t r a p s .  The t o t a l  volume o f  t h e  a p p a r a t u s  was 
2 ,100  c . e .  and i t  was pumped o u t  f o r  s e v e r a l  days  w i th  
f l a m in g  u n t i l  a p r e s s u r e  o f  8 .2  . 10"”^ mm. Hg i n c r e a s e d  to  
on ly  7 . 9  • 10"^ mm. Hg i n  60 h o u r s .  Such a sm a l l  l e a k a g e  
would n o t  i n t e r f e r e  w i th  any s u r f a c e  a r e a  m easu rem en ts .
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F i g . 19. A b s o r p t i o n  C u r v e  F o r  S t a n d a r d  C u * ^  S o l u t i o n
60 .
The volumes o f  t h e  v a r i o u s  p a r t s  o f  t h e  a p p a r a t u s  
were  c a l i b r a t e d  w i t h  d ry  a i r  ( t h e  c o ld  t r a p s  b e in g  i n  p l a c e )  
a g a i n s t  t h a t  o f  t h e  McLeod gauge b u lb  used  a s  a gas  p i p e t t e . 
The McLeod b u lb  volume had been c a l i b r a t e d  w i th  m ercury  
p r e v i o u s  t o  c o n s t r u c t i o n .
(b) E x p e r im e n ta l  T echn ique .
When a s u f f i c i e n t  vacuum was o b t a i n e d  and h e ld  t h e  
e x p a n s io n  b u lb s  were c lo s e d  to  t h e  m a n i fo ld .  A 500 mis 
f l a s k  c o n t a i n i n g  e t h y l e n e  (99^ p u r i t y  k e p t  dry  o v e r  
was co n n e c ted  to  t h e  m an i fo ld  v i a  t h e  r e l e a s e  t u b e .  The
was a l lo w ed  i n t o  t h e  sys tem  and t h r e e  t im e s  s u c c e s s i v e l y  
e v a p o r a t e d ,  condensed w i th  l i q u i d  Og and pumped o f f  u s i n g  
t h e  two U - tu b e s  a s  a l t e r n a t e  c o n d e n s a t io n  t r a p s  t o  f u r t h e r  
e n s u re  p u r i t y .  F i n a l l y  t h e  m id d le  f r a c t i o n  was a d m i t te d  to  
t h e  l a r g e r  e x p a n s io n  b u lb  which was used  as  a s t o r a g e  v e s s e l .  
T h is  was t h e n  c lo s e d  to  t h e  m a n i fo ld  and t h e  sys tem  a g a in  
pumped o u t .
With t h e  specimen t u b e  i s o l a t e d  l i q u i d  Og was p l a c e d  
round t h e  spec im en  tu b e  and th e  p r o t e c t i v e  U - tu b e ,  t o  a 
c a r e f u l l y  a d j u s t e d  h e i g h t  -  t h e  same a s  d u r in g  c a l i b r a t i o n .
A l i t t l e  was a l lo w ed  i n t o  t h e  sy s tem  ( g i v i n g  a p r e s s u r e
o f  n o t  more t h a n  0 .025  mm. i . e .  i n s u f f i c i e n t  to  r e a c h  t h e  
c o n d e n s a t io n  p r e s s u r e  when a d m i t te d  t o  t h e  spec im en) and t h e  
p r e s s u r e  m easured  on t h e  McLeod gauge by a c a th e to m e t e r  
r e a d i n g  to  0 .001 mm. The spec im en t u b e  was t h e n  co n n ec ted
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w i t h  t h e  sy s tem  and t h e  p r e s s u r e  measured a t  r e g u l a r  i n t e r ­
v a l s  u n t i l  t h e  e q u i l i b r i u m  p r e s s u r e  was r e a c h e d .  T h i s  
p r o c e d u r e  was r e p e a t e d  s e v e r a l  t im e s  u n t i l  t h e  e q u i l i b r i u m
_  pp r e s s u r e  was a p p r o x im a te ly  1 .0  . 10 mm. Hg.
The r e a d i n g  o f  t h e  McLeod gauge was c a r r i e d  o u t  by 
b r i n g i n g  t h e  m ercury  m en iscu s  i n  t h e  c a p i l l a r y  arm p a r a l l e l  
t o  t h e  e n c lo s e d  l im b  to  a p o s i t i o n  n e a r  t h e  t o p  o f  t h e  c lo s e d  
c a p i l l a r y .  The l e n g t h  o f  t h e  t r a p p e d  gas  space  and t h e  
h e i g h t  o f  t h e  open l im b m ercury  above t h e  m en iscu s  i n  th e  
c lo s e d  l im b v;ere b o th  re a d  a c c u r a t e l y  w i th  t h e  c a t h e t o m e t e r
i . e .  h^ and h^ .  F o r  each  r e a d i n g  t h e  l e v e l  was a d j u s t e d  
to  g iv e  in d e p e n d e n t  s e t s  o f  h e i g h t s .  The p r e s s u r e  was t h e n  
c a l c u l a t e d  from t h e  e q u a t i o n
/ h .  X h ^ V  cp = I —:—    I X 6 .542  X 10^ mm.
V '  /
which had p r e v i o u s l y  been  d e te rm in e d  from t h e  d im e n s io n s  o f  
t h e  McLeod b u lb  and c a p i l l a r y .
6. S p e c t r o p h o t o m e t r i c  D e te r m in a t io n  o f  R ate  o f  S o l u t i o n  o f  
Copper d u r i n g  C a t a l y s i s .
(a )  G en e ra l  C o n s i d e r a t i o n s .
D i s s o l u t i o n  o f  t h e  c a t a l y s t  accom pan ies ,  u n d e r  c e r t a i n  
c o n d i t i o n s ,  s o l u t i o n  phase  c a t a l y s i s .  Under f lo w  c o n d i­
t i o n s  t h i s  does  n o t  a f f e c t  t h e  c o m p o s i t io n  o f  t h e  s o l u t i o n  
b u t  i t  i s  i m p o r t a n t  t h a t  t h e  r e l a t i o n  between d i s s o l u t i o n  and
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c a t a l y s i s  be known. A s p e c t r o p h o t o m e t r i c  method was t h e r e ­
f o r e  d e v e lo p e d  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  m icro  amounts o f  
c o p p e r  i n  t h e  s o l u t i o n  l e a v i n g  th e  c a t a l y s t  chamber u s i n g  
sodium d i e t h y l d i t h i o c a r b a m a t e  (NaDDC) w hich  form s a  y e l lo w  
compound w i th  Cu"*"*".
NaDDC d i s s o l v e s  r e a d i l y  i n  w a te r  g i v i n g  a c o l o u r l e s s  
a l k a l i n e  s o l u t i o n .  T h is  s o l u t i o n  decomposes on k e e p in g  and 
f o r  a c c u r a t e  r e s u l t s  a f r e s h l y  p r e p a r e d  0 .1 ^  s o l u t i o n  i s
oprecommended . The c o lo u r  complex i s  formed i n  a c i d ,  
n e u t r a l  o r  a l k a l i n e  c o n d i t i o n s  b u t  i s  b e s t  formed a t  pH 9 
where i t  i s  s e n s i t i v e  t o  1 p a r t  o f  Cu^^ i n  50 m i l l i o n .
Two methods can be used  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  
i n t e n s i t y  o f  t h e  complex i . e .
1. E x t r a c t i o n  f o u r  t im e s  w i th  CCl^^^
2. D i r e c t  e s t i m a t i o n .
E x t r a c t i o n  w i t h  CCl^ i s  t h e  more a c c u r a t e  method and i s
u s u a l l y  u sed  i n  t h e  p r e s e n c e  o f  i n t e r f e r i n g  e l e m e n t s .  The
a d s o r p t i o n  cu rv e  has  maxima a t  45^> 294 and 272 myu b u t
8 4 -456 myu i s  a lw ays  chosen  f o r  a n a l y t i c a l  p u rp o s e s  s i n c e  
i n t e r f e r i n g  e f f e c t s  a r e  a t  a  minimiam a t  t h i s  w a v e le n g th .
I n  t h e  ab se n ce  o f  i n t e r f e r i n g  i o n s  t h e  d i r e c t  e s t im a ­
t i o n  a l t h o u g h  l e s s  a c c u r a t e  i s  q u i c k e r  and l e s s  l a b o r i o u s .
8*5As shown by M oseley ,  Rohwer and Moore c l e a r  aqueous  s o l u ­
t i o n s  may be o b t a i n e d  f o r  such  d e t e r m i n a t i o n s  by t h e  a d d i t i o n  
o f  a p r o t e c t i v e  c o l l o i d  which p r e v e n t s  c o a g u l a t i o n  o f  t h e
6 5 .
complex mo1 e c u l e 8.
As no i n t e r f e r i n g  m e ta l  i o n s  were e x p e c te d  t h e  d i r e c t  
method was a d o p te d .  The i n t e n s i t y  o f  t h e  c o lo u r  complex 
was m easured  on a Unicam S p e c t ro p h o to m e te r  S . P . 600 w hich  
g i v e s  a c c u r a t e  c o l o r i m e t r i c  m easurem ents  w i t h i n  t h e  v i s i b l e  
and n e a r  i n f r a - r e d  r e g i o n s .
The a d s o r p t i o n  o f  monochrom atic  p l a n e  p o l a r i s e d  l i g h t  
i n  an i s o t r o p i c  medium i s  g iv en  by
1. Lambert * s Law
c x  Idx
where % i s  t h e  i n t e n s i t y  o f  t h e  l i g h t  beam 
and 3Ç i s  t h e  d i s t a n c e  t r a v e r s e d  by t h e  l i g h t  
t h r o u g h  t h e  s o l u t i o n
2. B e e r ’ s Law
c x  I
dc
where _c^  i s  t h e  c o n c e n t r a t i o n  o f  t h e  a d s o r b i n g  
m a t e r i a l .
In  t h e  i n t e g r a t e d  form t h e s e  two laws can be combined t o  g ive
l i g h t  t r a n s m i t t e d  t h r o u g h  d i s t a n c e  d _ 6’ cd _ & cd
i n c i d e n t  l i g h t
where ^  i s  d i s t a n c e  i n  cm s . ,  £  i s  t h e  c o n c e n t r a t i o n  i n  gm. 
m o le c u le s  p e r  l i t r e  and i s  t h e  m o la r  e x t i n c t i o n  c o e f f i ­
c i e n t .  The q u a n t i t y  ( 6  . c . d )  i . e .
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l o g  l i g h t  i n c i d e n t  
l i g h t  t r a n s m i t t e d
i s  c a l l e d  t h e  o p t i c a l  d e n s i t y  and i s  t h e  q u a n t i t y  measured
on t h e  s p e c t ro p h o to m e te r c
I f  t h e  above t r e a t m e n t  a p p l i e s  t h e n  o p t i c a l  d e n s i t y  
i n  a  c e l l  o f  g iv e n  l e n g t h  shou ld  be l i n e a r l y  dep en d en t  on 
£  t h e  c o n c e n t r a t i o n .  T h is  was f i r s t  t e s t e d .
Three s o l u t i o n s  were p r e p a r e d ,  v i z . ,
1.  a s e r i e s  o f  copper  s o l u t i o n s  c o n t a i n i n g  known amounts 
o f  Cu*’”’' by d i s s o l v i n g  a p p ro x im a te ly  0 .12  gm. o f  p u re  
CuO i n  a l i t t l e  c o n c e n t r a t e d  HCl, making up to  250 mis
and d i l u t i n g  t h i s  t e n f o l d  t o  g iv e  a s o l u t i o n  c o n t a i n ­
i n g  a p p r o x im a te ly  0 .04  gm. p e r  l i t r e  o f  Cu^^,
2. a s o l u t i o n  o f  NaDDC,
5 . a  1^ s o l u t i o n  o f  gum a c a c i a  p r e p a re d  a c c o r d i n g  to  t h e
method s u g g e s te d  by Zinzade^'^ i n  which th e  gum i s
d i s s o l v e d  i n  d i s t i l l e d  w a te r  a t  50^0.
The s o l u t i o n s  p re p a re d  f o r  a n a l y s i s  c o n ta in e d
( i )  10 mis o f  Gu"*"^  s o l u t i o n
( i i )  5 mis gum a c a c i a  s o l u t i o n
( i i i )  5 mis NaDDC s o l u t i o n
( iv )  NH^OH u n t i l  pH was a p p r o x im a te ly  9 ( u s in g  a t e s t  p a p e r )
(v) HgO to  make t o t a l  volume up to  50 m is .
and t h e  a n a l y s i s  was c a r r i e d  o u t  i n  1 cm. c e l l s  a t  a wave­
l e n g t h  o f  445 myu a g a i n s t  b l a n k  s o l u t i o n s  o f  gum a c a c i a ,
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NaDDC and ammonia. T h is  w av e le n g th  was chosen s i n c e  
e x a m in a t io n  o f  a s t a n d a r d  On'*"*' s o l u t i o n  o v e r  t h e  r a n g e  200 myu 
t o  900 m/U (P ig .  19) showed maximum a d s o r p t i o n  a t  445 niyU.
The r e s u l t s  o b t a i n e d  (T ab le  1) showed s t r i c t  l i n e a r i t y
S o l u t i o n Copper p r e s e n t O p t i c a lp e r  50 mis D e n s i ty
1 0 .577  . 10” 5 gnis 1.06
2 0.189  . 10"^ gms 0 .556
7> 0 .094  . 10"^ gms 0 .257
4 0 .047  . lO""-' gms 0 .125
5 0 .0 2 4  . 10~^ gms 0.051
•4- 4'T ab le  1. O p t i c a l  d e n s i t y  f i g u r e s  f o r  a s e r i e s  o f  Ou s o l u ­
t i o n s .  The r e s u l t s  show t h a t  o p t i c a l  d e n s i t y  
v a r i e s  l i n e a r l y  w i t h  [cu"*"  ^ .
f o r  t h e  r e l a t i o n s h i p  be tw een  o p t i c a l  d e n s i t y  and c o n c e n t r a t i o n  
and t h e  r e s u l t i n g  l i n e  was used a s  a  c a l i b r a t i o n  c u rv e .  I t  
was found t h a t  pH d id  a f f e c t  th e  o p t i c a l  d e n s i t y  b u t  t h i s  
e f f e c t  was n o t  c r i t i c a l  and t h e  ro ugh  a d ju s tm e n t  t o  pH 9 was 
a d e q u a te  t o  s e c u r e  r e p r o d u c i b i l i t y -
(b) P r e p a r a t i o n  o f  S o l u t i o n s  f o r  A n a ly s i s
A s e r i e s  o f  t e s t s  on t h i s  s u b j e c t  were c a r r i e d  c u t  and 
s e v e r a l  i m p o r t a n t  c o n c lu s i o n s  d e r iv e d  from th e  r e s u l t s  
(Table  2 . ) .  These c o n c lu s i o n s  a r e  : -
( i )  Comparison o f  t e s t s  1 and 2 show t h a t  t h e  p r e s e n c e  o f
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T e s t T est s o lu t io n O p t i c a l  d e n s i t y  u s i n g  a s  a  b l a n k O p tica l  d e n s ity  u s in g  as  a b lank
1 .
2 .
a) 10ml8 stemdard
Cu^  ^ s o lu t io n
b) 5mls gum a c a c iac) NH4OH
d) 5nils NaDDCe) HgO up to  5Omis
a) 10mis standard
Cu^  ^ s o lu t io nb) 10ml8 2M HgOg,
pH=4 « 5 ,yU=0.001
c) 5 mis guim a c a c iad) NH4OHe) 5 m is NaDDCf )  HpO up to  5Omis
a) 10mis standard
Cu'*"*’ s o lu t io nb) conc.HGl evapor­a te  to  dryn ess  and take up in  d i l u t e  HClc) 5mls gum a c a c iad) NH4OH
e) 5mls NaDDCf )  H^ O up to  50ml8
a)
b) 5mls gujn a c a c i ac) NH4OH
d) 5mls NaDDCe) HgO up to  50ml8
1.1
a)
b)
0)
d)
e)
f )
g)
Table 2
10mis standard
Cu"*"*"10mis s o lu t io n2M HgOg, 
pH=4 . 5 syU=0 . 001
conc.HCl evapor­a te  to  dryness  and tak e  up in  d i lu t e  HCl 5mls gum a c a c ia  NH4OH 
5mls NaDDC H^ O up to  5Omis
1.1
1 .09
a)  10ml8 2M
pH=4 • 5 > /U=0 « 001b) 5mls gum a c a c i ac) NH4OH
d) 5mls NaDDCe) EgO up t o  50ml s
1 . 1
0 .9 6
1. 1
1 .09
L?.
p r e v e n t s  t h e  f u l l  deve lopm ent o f  t h e  complex. 
A lth ou gh  t h i s  e f f e c t  i s  s m a l l  a t  t h e  t e s t  i t
became a p p r e c i a b l e  i n  th e  smaD 1e r  jcu"*"  ^ ra n g e  
e x p e c te d  from c a t a l y s i s .  I t  was t h e r e f o r e  n e c e s s a r y  
t o  remove b e f o r e  t e s t i n g  f o r  Cu'*"*’,
( i i )  The most s u c c e s s f u l  method f o r  t h e  com ple te  rem oval  
o f  H2O2 from t h e  Cu'** c o n t a i n i n g  s u b s t r a t e  c o n s i s t e d  
o f  e v a p o r a t i n g  t h e  s o l u t i o n  t o  d r y n e s s .  The method 
was as  f o l l o w s
(a)  A l i t t l e  c o n c e n t r a t e d  HCl was added to  t h e  Cu^ "* 
c o n t a i n i n g  H2O2 s o l u t i o n  to  c o n v e r t  th e  Cu*^  ’ to  
s o l u b l e  c h l o r i d e .
(b) The s o l u t i o n  was e v a p o ra te d  t o  d ry n e s s  i n  a  Pyrex  
b e a k e r  on a  w a te r  b a t h  and t h e  r e s i d u e  t a k e n  up 
i n  a l i t t l e  d i l u t e  HCl.
(c) Gu.m a c a c i a s  NaDDC and ITH^ OH were added a s  i n  t h e  
c a l i b r a t i o n  method and t h e  s o l u t i o n  made up to  
50 m is .
Comparison o f  T e s t  3 v j i th  T e s t  1 shows t h a t  t h e  
e v a p o r a t i o n  p ro c e d u re  g i v e s  an a c c u r a t e  e s t i m a t i o n  o f  
Cu^^ p r e s e n t  and T e s t s  3 and 4 show t h a t  t h e  ^p p 2  
c o m p le te ly  removed by t h i s  p ro c e d u re  g i v i n g  
r e p r o d u c i b l e  r e s u l t s .
( i i i )  H2O2 h as  no e f f e c t  on th e  a d s o r p t i o n  o f  Cu*^  ^ f r e e  
s o l u t i o n s  which a r e  u sed  f o r  b l a n k s .  There  was o f
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c o u r se  no r e a s o n  to  i n c l u d e  i n  t h e  b la n k  when
f o l l o w i n g  o u t  t h e  p ro c e d u re  o f  T e s t  4 which  was th e  
one a d o p te d .
7 .  P o l a r o g r a p h i c  D e t e c t i o n  o f  S t a n n a t e  i n  HgOg.
The HgOg used  i n  t h e  k i n e t i c  e x p e r im e n ts  was p re p a re d  
f rom  86^  w/w m a t e r i a l .  T h is  m a t e r i a l  can be s t a b i l i s e d  by 
t h e  a d d i t i o n  o f  sm a l l  q u a n t i t i e s  o f  sodium s t a n n a t e  which 
when p r e s e n t  a s  c o l l o i d a l  p a r t i c l e s  a d s o rb s  f o r e i g n  m e ta l  
i o n s .
The e x a c t  e f f e c t  o f  sodium s t a n n a t e  on a c a t a l y t i c  
sy s tem  i s  n o t  p r e c i s e l y  known b u t  i t  does red u ce  t h e  a c t i v i t y  
o f  t h e  c a t a l y s t .  Th is  i s  probabD.y due t o  th e  f o r m a t i o n  o f  
ad so rb e d  s t a n n a t e s  on t h e  s u r f a c e  o f  t h e  c a t a l y s t .  As  a  
r e s u l t  t h e  R^Og used  f o r  k i n e t i c  m easurem ents  must be f r e e  
from  p a r t s  p e r  m i l l i o n  o f  sodium- s t  a n n a t e . A l tho u gh  t h e  
HgOg used  f o r  t h e  p r e s e n t  i n v e s t i g a t i o n s  was s u p p l i e d  as  
u n s t a b i l i s e d , i t  was c o n s id e r e d  n e c e s s a r y  to  t e s t  each  
cons ignm ent  f o r  t r a c e s  o f  t i n  a s  t h i s  was t h e  o n ly  i m p u r i ty  
which  c o u ld  a s  a  r e s u l t  o f  an e r r o r  i n  cons ignm ent ap p e a r  i n  
t h e  m a t e r i a l  s u p p l i e d .
F o r  t h e  p o la r o  g r a p h i c  e s t i m a t i o n  o f  Sn i n  t h r e e
p o i n t s  were c o n s id e r e d  v i z . ,
1 . Complete d e s t r u c t i o n  o f  HpOg
2. C om posi t ion  o f  s u i t a b l e  s u p p o r t i n g  e l e c t r o l y t e
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5. P r e p a r a t i o n  o f  s t a n d a r d  Sn s o l u t i o n .
1. Complete d e s t r u c t i o n  o f  i s  e s s e n t i a l  i n  p o l a r o -
g r a p h i c  work s i n c e  a t  - 1 .5 v .  a  r a p i d  i n c r e a s e  i n
p o t e n t i a l  o c c u r s  due t o  t h e  r e d u c t i o n  o f  a c c o r d i n g  t o
t h e  e q u a t i o n
HgOg + e + 2 H* = 2 HgO
R7a s  s u g g e s te d  by Heyrovsky . The method ad op ted  was s i m i l a r  
t o  t h a t  employed i n  t h e  d e t e r m i n a t i o n  o f  Cu**"*^  i . e .  t h e  HgOg 
c o n t a i n i n g  s o l u t i o n  was e v a p o ra te d  t o  d ry n e s s  and made up 
to  a s t a n d a r d  volume.
2. A l th o u g h  t h e  s t a n d a r d  p o t e n t i a l  o f  t h e  i o n  
c o u p le  i s  - 0 .1  V .  v s .  t h e  s t a n d a r d  ca lo m e l ,  t h e  Sn"*"*" '
i o n  i s  n o t  e a s i l y  red u ced  a t  th e  d ro p p in g  m ercury  e l e c t r o d e  
b e c a u se  o f  i t s  t e n d en c y  to  complex. These complexes a r e  
e i t h e r  to o  s t a b l e  o r  a r e  red uced  to o  s lo w ly  to  p e r m i t  t h e  
o c c u r r e n c e  o f  a  wave.
88A cco rd ing  to  L ingane  such  com plex ing  t a k e s  p l a c e  
i n  e l e c t r o l y t e s  such  as  NaOH, a c i d  n e u t r a l  o r  b a s i c  t a r t r a t e ,  
and i n  a c i d i c  o x a l a t e .  P r e v io u s  e x p e r im e n ts  by Lingane®^ 
showed t h a t  a  p o o r ly  d eve loped  wave co u ld  be o b t a i n e d  from 
t i n  s o l u t i o n s  s u p p o r te d  by 1 M p e r c h l o r i c  a c i d  c o n t a i n i n g  
Oo5M NaCl. S in ce  no wave was d e t e c t e d  i n  s o l u t i o n s  c o n t a i n ­
i n g  o n ly  p e r c h l o r i c  a c id  L ingane  s u g g e s t e d  t h a t  t h e  hexaqua-  
8t a n n i c  i o n s  formed i n  c h l o r i d e  f r e e  s o l u t i o n s  were r e p l a c e d  
by a mixed a q u a c h lo ro  complex e . g .  Sn(H20)^C l^^^  whose r a t e
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o f  r e d u c t i o n  was f a s t e r  t h a n  t h a t  o f  t h e  h e x a q u a a t a n n ic  i o n .
As t h e  c o n c e n t r a t i o n  o f  t h e  C l '  i o n  was i n c r e a s e d  from 0 . 2  M,
Q QL in g an e^  showed t h a t  t h e  r e d u c t i o n  wave i n c r e a s e d  i n  h e i g h t  
u n t i l  a t  4 M a w e l l  deve loped  d o u b l e t  o f  c o n s t a n t  h e i g h t  was 
o b t a i n e d  i . e .  t h e  p r o g r e s s i v e  c o n v e r s io n  o f  t h e  hexaqua 
complex i n t o  a  s e r i e s  o f  c h lo ro  complexes c u l m i n a t i n g  i n  
S n C l ^ ' ' . S in c e  t h e  h e i g h t  o f  t h e  f i r s t  wave o f  t h e  d o u b l e t  
a t  c h l o r i d e  c o n c e n t r a t i o n s  above 4 M was ^  o f  t h e  t o t a l  
h e i g h t ,  t h e  f i r s t  s t a g e  was i d e n t i f i e d  a s  Sn^^^^ to  Sn'*”*' 
f o l lo w e d  by Sn'*”*' to  Sn.
A t i n  s o l u t i o n  c o n t a i n i n g  4 .2 8  p .p .m .  Sn was t h e r e f o r e  
p r e p a r e d  i n  a s o l u t i o n  c o n t a i n i n g  4 M NH^Cl, 1 M HCl and
0 .0 0 5 ^  gum a c a c i a .  From t h i s  s o l u t i o n  t h e  r e d u c t i o n  s t e p s
Sn^ '*''*”*' t o  Sn'*”*^ a t  h a l f - w a v e  p o t e n t i a l  o f  - 4 . 6 v  v s  Hg e l e c t r o d e  
and Sn'*”*’ to  Sn a t  h a l f -v /a v e  p o t e n t i a l  o f  -2«5v  v s  Hg e l e c t r o d e
were e a s i l y  d e t e c t e d  (p o la ro g ram  1 F i g . 20) and showed no 
d e t e r i o r a t i o n  w i th  t im e .  I n  a d d i t i o n  an  HgOg s o l u t i o n  con­
t a i n i n g  t h e  same amount o f  Sn ( p r e s e n t  a s  sodium s t a n n a t e )  
was s u b j e c t  t o  t h e  d e c o m p o s i t io n  t e c h n i q u e  and made up t o  a 
s t a n d a r d  s o l u t i o n  as  above .  P o la ro g ram s  from t h i s  s o l u t i o n  
(2, F i g . 20) d e m o n s t r a te d  t h a t  t h e  d e c o m p o s i t io n  t e c h n i q u e  
a l low ed  an a c c u r a t e  e s t i m a t i o n  o f  t h e  Sn p r e s e n t  s i n c e  t h e  
h e i g h t  o f  t h e  i n d i v i d u a l  s t e p s  i n  p o la ro g ra m s  1 and 2 were 
e q u a l .
3 . F o r  a  q u a n t i t a t i v e  e s t i m a t i o n  o f  t i n ,  s t a n d a r d  Sn
V o l t s .
FiG.20. S h o v a j i n g  P o L A R o o f t A M S  O a T A i N E O  F r o m  A S t a n d a r d  S o l u t i o n  (I)Ano Ah
H z  O z  S o l u t i o n  C o n t a i n i n g  T h e  S A M E  A m o u n t  o f  W h i c h  H a s  S e e n
S u s jE C T  To T h e  H z  O z  D e s t r u c t i o n  P r o c e d u r e  C2 ).
/ //
4  10 * I'D -2  0 “3*0 -4*0 "5 0 *6‘0 -TO - S O -9  0
Vo l t s .
F i g .  21. P o la r o g r a m s  Obtained from  a  S ta n d a r d  S o lu t io n
S h o w in g  De c a y  of St e p  Due  To H t o r o l y s i s  I To  4-.
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s o l u t i o n s  a r e  recommended f o r  c a l i b r a t i o n  r a t h e r  t h a n  Sn^^ 
s o l u t i o n s .  P o la ro g ram s  1 ,2 ,3  and 4 P i g . 21 show a 
p r o g r e s s i v e  d e c r e a s e  i n  t h e  t o  Sn s t e p  d ep end ing  on t h e
age o f  t h e  p re p a re d  Sn^^ s o l u t i o n .  I t  i s  p r o b a b le  t h a t  t h e  
8n^^ i o n  i s  h y d ro ly s e d  on s t a n d i n g  fo rm in g  a compound which 
i s  to o  s t a b l e  t o  be  red u ced  a t  t h e  d ro p p in g  m ercury  e l e c t r o d e .
A pply ing  t h e  p ro c e d u r e s  d e t a i l e d  above each  p e r o x id e  
s o l u t i o n  used  f o r  k i n e t i c  m easurem ents  was t e s t e d  f o r  t h e  
p r e s e n c e  o f  t i n .  In  a l l  c a s e s  no t i n  above a p p r o x im a te ly
0.1 p .p .m .  was d e t e c t e d .  T h is  f i g u r e  r e p r e s e n t s  t h e  u l t i m a t e  
s e n s i t i v i t y  o f  t h e  a v a i l a b l e  p o l a r o g r a p h  s i n c e  4 .2 8  p .p .m .
Sn gave a Sn^^^^ to  Sn^ "*" s t e p  o f  5*5 cm. a t  maximum 
s e n s i t i v i t y .
1 2 .
M A T E R I A L S
1. Hydrogen P e r o x i d e .
The p e ro x id e  s o l u t i o n s  used  were p r e p a r e d  by d i l u t i o n  
o f  86^  w/w h ig h  t e s t  p e r o x id e  o b t a i n e d  p u re  from  L a p o r te  
C hem ica ls  L td .  i n  one g a l l o n  p o ly th e n e  c o n t a i n e r s  i n  v/hich 
t h e  m a t e r i a l  was k e p t  u n t i l  r e q u i r e d .  As r e p o r t e d  above 
ea ch  cons ignm ent  was c a r e f u l l y  t e s t e d  f o r  a c c i d e n t a l  contam­
i n a t i o n  by s t a n n a t e  t h e  commercia l  s t a b i l i s e r  and a s e r i o u s  
i n h i b i t o r  i n  c a t a l y s e d  r e a c t i o n s .  The c o n c e n t r a t i o n  o f  t h e  
d i l u t e d  s o l u t i o n s  was e s t i m a t e d  by t i t r a t i n g  a g a i n s t  s t a n d a r d  
p o ta s s iu m  p e rm a n g an a te ,  and a l t e r a t i o n s  i n  t h e  pH were made 
by t h e  a d d i t i o n  o f  s t a n d a r d  sodium h y d ro x id e  and p e r c h l o r i c  
a c id  s o l u t i o n s  p r e p a re d  from a n a l y t i c a l  g rade  r e a g e n t s .  The 
i o n i c  s t r e n g t h  o f  t h e  s o l u t i o n s  and o t h e r  s o l u t i o n s  u sed
were a d j u s t e d  w i t h  sodium p e r c h l o r a t e .  S in ce  t h i s  r e a g e n t  
cou ld  n o t  be o b t a i n e d  a n a l y t i c a l l y  p u re ,  s e v e r a l  c r y s t a l l i s a ­
t i o n s  were c a r r i e d  o u t  u n t i l  t h e  main i m p u r i t y  -  c h l o r i d e  -  
had b een  removed.
2. C a t a l y s t s .
(a)
The cu p ro us  ox ide  used  f o r  t h e  c a t a l y t i c  d e c o m p o s i t io n  
o f  was o b t a i n e d  by p a r t i a l l y  o x i d i s i n g  copper  w i r e .  A
r i g i d  a d h e r e n t  l a y e r  s u i t a b l e  f o r  u se  u n d e r  l i q u i d  f lo w  c o n d i ­
t i o n s  was t h e r e b y  o b t a i n e d .
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Many e a r l y  c o n f l i c t i n g  v iew s  were e x p re s s e d  on t h e  
c o m p o s i t io n  o f  t h e  o x id e  f i l m  formed by low t e m p e r a t u r e  
o x i d a t i o n  (200°C) b e f o r e  agreem ent  was r e a c h e d .  I n  1922 
N ig g l i^ ^  r e c o g n i s e d  t h e  c u b ic  form  o f  t h e  cup rous  sys tem  
from  t h e  d i f f r a c t i o n  p a t t e r n  p roduced  from such  an o x i d i s e d  
c o p p e r  f o i l .  A y e a r  l a t e r  HLnshelwood^^ and C o n s ta b le ^ ^  
s u g g e s te d  t h a t  t h e  ox id e  formed i n  t i n t e d  f i l m s  be tw een  
200^0 and were e n t i r e l y  c u p r i c  o x id e .  In  1930 G-.P,
Thomson^^ examined t h e  e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  p roduced  
from copper  and o x i d i s e d  co p p e r .  No r i n g s  were c b s e n se d  
from a h ig h ly  p o l i s h e d  s u r f a c e .  I f  t h e  specim en was l e f t  
i n  a i r  a t  a tm o s p h e r ic  p r e s s u r e  f o r  a b o u t  an ho u r  f a i n t  r i n g s  
co u ld  be d e t e c t e d  which i f  l e f t  f o r  24 h o u rs  u n d e r  t h e  same 
c o n d i t i o n s  became m e a s u ra b le  a l t h o u g h  s t i l l  b l u r r e d .  The 
i n t e n s i t y  and c l a r i t y  o f  t h e  r i n g s  were g r e a t l y  improved i f  
t h e  specimen was h e a te d  g e n t l y  i n  an e l e c t r i c  f u r n a c e  u n t i l  
t h e  copper  underw ent  a c o n s i d e r a b l e  change i n  c o l o u r .  The 
s i z e  o f  t h e  r i n g s  p roduced  from such  an o x id e  were i n  t h e
r a t i o  >J2.99 : \ | 4 . 09 : v f ïT .0 : JTsTS which  s u g g e s te doa f a c e  c e n t r e d  c u b ic  s t r u c t u r e  o f  s i d e  4 .21  A. T h is  v a l u e  
was i n  ag reem ent  w i th  t h o s e  p r e v i o u s l y  s u g g e s te d  f o r  t h e  
d im ens ions  o f  t h e  cu p rous  o x id e  l a t t i c e .  When t h e  p o l i s h e d  
b lo c k s  were h e a te d  on red  h o t  b r a s s  and a l low ed  to  c o o l  i n  
a i r  t h e  d i f f r a c t i o n  p a t t e r n  i n d i c a t e d  an o x id e  o f  unknown 
s t r u c t u r e .  L a t e r  M urison^^ i d e n t i f i e d  t h e  o x id e  a s  a 
I m ix tu r e  o f  cuprous  and c u p r i c  o x id e  and showed t h a t  i f  a  
I specimen was h e a te d  be tw een  300^0 and 500^0 e i t h e r  CUgO o r  a
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CUpO -  CuO m ix tu r e  was e q u a l l y  p r o b a b l e .  The CUpO -  CuO 
m i x t u r e  was a lm o s t  e x c l u s i v e l y  formed i f  a i r  o r  Op was blown 
th r o u g h  t h e  f u r n a c e  d u r i n g  h e a t i n g .
More e v id e n c e  f o r  t h e  s u p p o r t  o f  cup ro u s  o x id e  fo rm a­
t i o n  was s u p p l i e d  by Darby s h i r  e^^ v/ho a f t e r  c l e a n i n g  co p p e r  
f o i l  w i t h  f i n e  emery p a p e r  h e a t  t i n t e d  i t  i n  a bunsen  f l a m e .
q jThe o x id e  f i l m  formed was removed e l e c t r o l y t i c a l l y  and t h e
e l e c t r o n  d i f f r a c t i o n  p a t t e r n  examined. The v a l u e s  o b t a i n e d
i n d i c a t e d  t h e  c u b ic  CUpO sys tem  and gave a u n i t  c e l l  d im en s io n  oo f  4 .2 6  A. The v a l u e s  o b t a i n e d  by D e rb y s h i r e  7jere  s u b s t a n t i ­
a t e d  by P r e s t o n  and Bircumshaw^^ v;ho found CUpO o n ly  i n  f i l m s  
p ro d u c ed  on co p p e r  i n  t h e  a i r  a t  o r d i n a r y  t e m p e r a t u r e s  and i n  
t h e  a i r  a t  100^0.
I t  a p p e a r s  t h e r e f o r e  t h a t  a t  t e m p e r a t u r e s  below 200^0 
t h e  ox ide  formed by h e a t i n g  copper  i n  a i r  i s  a lm o s t  e x c l u s i v e ­
l y  c u p ro u s .  I f  t h e  t e m p e r a tu r e  i s  i n c r e a s e d  t o  be tw een  JOO^C 
an.d 400^0 a p r o p o r t i o n  o f  CuO i s  o b t a i n e d  which i n c r e a s e s  i f  
a i r  o r  Op i s  blown o v e r  t h e  s u r f a c e ,  A w ho l ly  CuO su?rface 
f i l m  i s  n e v e r  o b t a i n e d  e x c e p t  a t  t e m p e r a t u r e s  above 600^0 b u t  
c o n t in u e d  h e a t i n g  a t  lo w er  t e m p e r a tu r e s  w i l l  i n c r e a s e  t h e  
p r o p o r t i o n  o f  t h e  c u p r i c  form as  t h e  t h i c k n e s s  o f  t h e  cu p ro u s  
f i l m  i n c r e a s e s .
I n  a  f lo w  sys tem  where c a t a l y s i s  i s  accom panied  by t h e  
e v o l u t i o n  o f  gas  i t  i s  e s s e n t i a l  t h a t  t h e  gas  be removed 
im m e d ia te ly  from  t h e  c a t a l y s t  s u r f a c e  so t h a t  t h e  s u r f a c e  a r e a  
exposed t o  t h e  s u b s t r a t e  re m a in s  c o n s t a n t .  A c a t a l y s t  bed
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c o n s i s t i n g  o f  s e v e r a l  l a y e r s  o f  o x i d i s e d  copper  gauze  was 
fo un d  u n s u i t a b l e  s i n c e  gas  b u b b le s  were t r a p p e d  be tw een  t h e  
g a u z e s .  The form f i n a l l y  adop ted  c o n s i s t e d  o f  a  c o l l e c t i o n  
o f  o x i d i s e d  cop pe r  r i n g s  s u p p o r te d  on a s i n g l e  o x i d i s e d  
co p p e r  gauze .  The r i n g s  were made from 20 gauge ’ Specpure* 
c o p p e r  w i re  b e n t  i n t o  c i r c l e s  5 mm. d i a m e t e r .
The components o f  t h e  c a t a l y s t  bed which were d e g re a s e d  
by r e f l u x i n g  i n  CCl^, were o x i d i s e d  i n  a f u r n a c e  a t  170^0 
u n t i l  t h e  f i r s t  change i n  c o lo u r  to o k  p l a c e .  The o x id e  s k i n  
was t h e n  re d u ced  by h e a t i n g  i n  an a tm osphere  o f  Hp a t  400^0 
and r e o x i d i s i n g  a t  170^0. S u c c e s s iv e  o x i d a t i o n  and r e d u c t i o n  
p roduced  an a c t i v e  o x id e  s u r f a c e .
(b) N ic k e lo u s  o x id e .
As i n  co p p e r  t h e  c a t a l y s t  was p r e p a r e d  from  20 gauge 
* S p ecpu re ’ w i re  b e n t  i n t o  5 mm. d i a m e te r  c i r c l e s .  A b l a c k  
NiO f i l m  was formed on t h e  d e g r e a s e d  n i c k e l  r i n g s  by a l t e r ­
n a t e  o x i d a t i o n  a t  "^00^C and r e d u c t i o n  i n  Hp a t  400^0. Oxida­
t i o n  below t h i s  t e m p e r a tu r e  produced  a t h i n  a lm o s t  i n v i s i b l e  
ox ide  l a y e r .
A cc o rd in g  to  B r i g g s ,  Jones  mid W y n n e - J o n e s a  smooth 
a d h e re n t  o x id e  l a y e r  o f  v a r y i n g  t h i c k n e s s  can be p roduced  on 
n i c k e l  by e l e c t r o d e p o s i t i o n  on t h e  m e ta l  from a s o l u t i o n  
c o n t a i n i n g  0 . IN N iS O ., 0.1IT NaACo, and O.OOIF KOH a t  25°C.
V a r i a t i o n s  i n  t h e  a n o d i c - c a t h o d i e  c y c l i n g  sequence  were shown 
t o  a f f e c t  t h e  t h i c k n e s s  and ad h e re n c e  o f  t h e  d e p o s i t .
1 6 .
NiO was i n i t i a l l y  p r e p a re d  a c c o r d in g  to  t h i s  method 
b u t  t h e  p r o c e s s  was d i s c o n t i n u e d  s i n c e  even t h e  most s t r o n g l y  
d e p o s i t e d  f i l m  was e a s i l y  removed. A s h o r t  s e c t i o n  o f  w i re  
h a l f  o f  which was o x i d i s e d  i n  t h i s  way was immersed i n  1 .5  M 
HgOg a t  pH 4*6 and 45^C. A v i g o r o u s  e v o l u t i o n  o f  Og accom­
p a n ie d  t h e  a lm o s t  i n s t a n t a n e o u s  rem oval  o f  t h e  o x i d e .  
S ubsequen t  d e c o m p o s i t io n  which was v e ry  sm a l l  came o n ly  from 
t h e  s e c t i o n  which  had been  a n o d i s e d ,
(c) Cobalt£U£ o x id e .
The CoO was p r e p a r e d  from  d e g r e a s e d  *Specpure* 20 
gauge c o b a l t  w i r e ,  by a l t e r n a t e  o x i d a t i o n  a t  300^0 and 
r e d u c t i o n  i n  a t  400^0. The c a t a l y s t  was employed as  
above i n  5 mm. c i r c l e s .
R E S U L T S  
CUgO/HgOg System
1. lo-eneral.
The amount o f  decomposed p e r  l i t r e  ( A  G)
th e  c a t a l y s t  a s  m easured by th e  t e m p e r a tu r e  d i f f e r e n c e  
( A t ) between t h e  t h e r m i s t o r s  has  been t a k e n  a s  a d i r e c t  
m easurem ent o f  t h e  e f f i c i e n c i e s  o f  t h e  c a t a l y s t  u n d e r  t h e  
c o n d i t i o n s  o f  t h e  e x p e r im e n t .  I t  i s  n e c e s s a r y  a t  t h i s  p o i n t  
t o  r e f e r  a g a in  to  t h e  r e l a t i o n  between A 0 and A T. U s in g  
t h e  f a c t  t h a t  d e c o m p o s i t io n  o f  1 mole o f  i n  1 l i t r e  o f
aqueous  s o l u t i o n  w i l l  r a i s e  t h e  t e m p e r a tu r e  by 23 d e g r e e s  i f  
t h e  e x p e r im e n t  i s  c a r r i e d  o u t  a d i a b a t i c a l l y  th e n
A TA C =     m oles  p e r  l i t r e23
In  a l l  t h e  e x p e r im e n ts  t h e  f lo w  was s t a n d a r d i s e d  a t  100 mis 
p e r  m inu te  so t h a t  10 m in u te s  a r e  t a k e n  f o r  1 l i t r e  t o  p a s s .  
T h is  i s  h i g h l y  r e l e v a n t  t o  t h e  a s s ig n m e n t  o f  a m agn i tu de  t o  
”c a t a l y s t  e f f i c i e n c y '^  a s  a r e  such q u e s t i o n s  a s  t h e  form o f  
t h e  c a t a l y s t  s u r f a c e  and t h e  method o f  bed p a c k in g .  A l l  
t h e s e  f a c t o r s  were c o n s t a n t  t h r o u g h o u t  t h e  k i n e t i c  e x p e r i ­
m ents  and i t  i s  j u s t i f i a b l e  t h e r e f o r e  t o  r e g a r d  AC a s  a 
m easure  o f  e f f i c i e n c y .
In  l a t e r  t r e a t m e n t  o f  mechfinism, e f f i c i e n c y  h as  been 
d e s i g n a t e d  a s  r  (o r  r a t e  o f  de c o m p o s i t i o n ) ;  r  sh o u ld  o f
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c o u r s e  be r e f e r r e d  t o  a w e l l  d e f in e d  zone i n  t h e  c a t a l y s t  
bed s i n c e  1^2^21 changes  a lo n g  i t .  S in ce  t h i s  c o n c en-
zone
r e g i o n  may
t r a t i o n  change i s  s m a l l  however (3^ i n  t h e  low jHgOg 
and 1 .5 ^  f o r  2M H^O^) i t  a p p e a r s  r e a s o n a b l e  t o  r e g a r d  t h e  
w ho le  c a t a l y s t  a s  a t  one u n i fo rm  c o n d i t i o n .
The e r r o r  i n  do in g  so i n  t h e  low ^ ^ 0 ,  
be d e m o n s t r a t e d .  F i r s t  however a r e l a t i o n  betw een  e f f i c i e n c y  
and c o n c e n t r a t i o n  must be assumed. I n  t h i s  r e g i o n  1 s t .  
o r d e r  i s  t h e  o b v io u s  a s su m p t io n .  Then a t  a g iv e n  p o i n t  a lo n g  
t h e  bed
r a t e  = k^c ( l )
where  c i s  t h e  a t  t h i s  p o i n t  and
r a t e  = ^  (2)d t
i s  t h e  f a l l  i n  c o n c e n t r a t i o n  when t h e  s o l u t i o n  ad v a n ces  an 
i n f i n i t e s i m a l  amount f a r t h e r  up t h e  bed i n  a  t im e  ^
i . e .  = k .  c (5)d t  ^
I n t e g r a t i o n  g iv e s
I n  c = k ^ t  + c o n s t a n t
and i f  i s  t h e  c o n c e n t r a t i o n  l e a v i n g  t h e  c a t a l y s t  bed a t
t im e  ;t , t h e n  when t  = 0
c o n s t a n t  = - I n  c.o
where c^ i s  t h e  c o n c e n t r a t i o n  r e a c h i n g  t h e  c a t a l y s t .
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I n  "g— = k ^ t  = kg s i n c e  Jb i s  at
c o n s t a n t  a t  c o n s t a n t  f lo w .
T h is  e q u a t i o n  may be p u t  i n  te rm s  o f  A c ^
/i . e .  —I n  1 1 — I =  k g
\  /
where Ac^p i s  t h e  c o n c e n t r a t i o n  change o v e r  t h e  whole 
c a t a l y s t .  T h is  g i v e s ,  on exp and in g  t h e  l e f t  hsind s i d e
. — kg
I t  i s  c l e a r  t h a t  an e r r o r  o f  a t  most o n ly  4^ i s  caused  by 
n e g l e c t i n g  a l l  e x c e p t  th e  f i r s t  te rm  i n  t h e  e x p a n s io n  so t h a t
o r  a t  any p o i n t  i n  t h e  bed
A c  = k^c (5)
which  co u ld  have been  d e r iv e d  d i r e c t l y  from  (5) by p u t t i n g
dc =, A c
i . e .  A c  = k^c  . d t  = k^c
-The c o n c lu s i o n  i s  t h e  same i f  o t h e r  k i n e t i c  p r o c e s s e s  ( i . e .  
z e ro  o r d e r  o r  f r a c t i o n a l  o r d e r s )  a r e  assumed t o  co n n e c t  r a t e  
a t  any p o i n t  i n  t h e  bed and c o n c e n t r a t i o n .
The r e s u l t s  a r e  p r e s e n t e d  w i th  t h e  e f f i c i e n c y ,  r  ,
A r  
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ti n  t e rm s  o f  m oles  p e r  l i t r e  p e r  m in u te  i . e .  •— — , b u t  i n
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many o f  t h e  g ra p h s  A T  i s  p l o t t e d  d i r e c t l y  a s  a m easure  o f
e f f i c i e n c y .  F i g . 22 i s  a t y p i c a l  example o f  t h e  changes  i n
A t w i t h  t im e  f o r  GUgO c a t a l y s t s .  The p r o c e s s  o f  a r r i v i n g
a t  A T  from t h e  t h e r m i s t o r  r e s i s t a n c e  r e a d i n g s  i s  i l l u s t r a t e d
i n  T ab le  5- The l o g  R v a l u e  i n  columns 5 o r  6 i s  a p p l i e d  to
t h e  v e ry  l a r g e  s c a l e  s t r a i g h t  l i n e  c a l i b r a t i o n  g ra p h  to  g iv e
— v a l u e s  (columns 7 and 8 ) .T
2. S t a b i l i t y  o f  C a t a l y s t  and t h e  Degree o f  R e p r o d u c i b i l i t y  
O b t a i n a b l e .
The k i n e t i c  work on Cu^O c a t a l y s i s  was c a r r i e d  o u t  
on one ch a rg e  o f  c a t a l y s t  which was l e f t  i n  t h e  r e a c t i o n  
chamber be tw een  t e s t s  submerged i n  d i s t i l l e d  w a t e r .  P r e v io u s  
i n v e s t i g a t i o n s  had shown t h a t  t h e  c a t a l y s t  a lw ays  r e t u r n e d  to  
i t s  i n i t i a l  s t a t e  a f t e r  removal o f  H^Og ( i . e .  on r e p l a c i n g  
HgOg s o l u t i o n  by t h e  d i s t i l l e d  w a te r )  an o b s e r v a t i o n  f u l l y  
s u b s t a n t i a t e d  d u r i n g  s u b s e q u e n t  t e s t s .
The d i f f i c u l t i e s  a s s o c i a t e d  w i th  r e p r o d u c i b i l i t y  i n  
h e te r o g e n e o u s  c a t a l y t i c  sy s tem s  a r e  n o t o r i o u s .  Many o f  
t h e s e  d i f f i c u l t i e s  were av o id ed  u s i n g  one ch a rg e  o f  c a t a l y s t  
which  n e v e r  u nderw en t  any perm anent  a l t e r a t i o n  i n  a c t i v i t y ,  
and a r e m a rk a b le  d eg re e  o f  r e p r o d u c i b i l i t y  was o b t a i n e d .
F i g . 22 and 25 i l l u s t r a t e  t h i s  a c h ie v e m e n t .  I n  F i g . 22 
e f f i c i e n c y  r e s u l t s  o b t a i n e d  a t  b o th  h ig h  and low | 1 ^ 0 ^  a r e  
shown. These r e s u l t s  were n o t  o b t a i n e d  on s u c c e s s i v e  ru n s
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H i g h  A n d L o w L H z O z ]  z o n e . s .  huso O e m o n s t r a t e d  Is T h e  
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314100 317 .473 3 18 .3 7 0 0 .8 9 7
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314295 3 1 7 .4 5 6 31 8 .1 7 4 0 .7 1 8
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b u t  were  i n t e r s p e r s e d  o v e r  a  p e r i o d  o f  2 y e a r s .  I n  P i g . 23 
v a r i a t i o n s  i n  c a t a l y s t  e f f i c i e n c y  u n d e r  i d e n t i c a l  e x p e r i m e n ta l  
c o n d i t i o n s  a r e  shown f o r  two t e s t s  s e p a r a t e d  by a  p e r i o d  o f  
18 months d u r i n g  which  e x t e n s i v e  s t u d i e s  were c a r r i e d  o u t  on 
t h e  c a t a l y s t  u n d e r  v a r i o u s  c o n d i t i o n s .  The r e s u l t s  
d e m o n s t r a t e  t h e  s t a b i l i t y  o f  t h e  c a t a l y s t  ^ d  t h e  h ig h  d e g re e  
o f  r e p r o d u c i b i l i t y  o b t a i n e d  i n  t h e  main f e a t u r e s  v i z . ,
( i )  The i n i t i a l  peak  e f f i c i e n c i e s  a r e  0 .6 0 0  and 0 .6 0 0  
r e s p e c t i v e l y .
( i i )  The i n i t i a l  peak  i s  f o l lo w e d  by a  f a l l  i n  e f f i c i e n c y  
r e a c h i n g  0 .5 9 5  i n  10 m in u te s  ( P i g .2 5 a )  and 0 .5 5 2  i n  
9 .5  m in u te s  ( P i g . 25b ) .
( i i i )  A f t e r  t h e  m in im u m ,e f f i c i e n c y  s lo w ly  r e c o v e r s  t o  a  - 
h i g h e r  c o n s t a n t  v a l u e .  I n  25a i t  r e a c h e s  0 .8 7 0  i n  
55 m i n u t e s ,  a  r e c o v e r y  o f  0 .2 5 5 ,  and i n  25b i t
r e a c h e s  0 .7 6 8  i n  65 m in u te s ,  a  r e c o v e r y  o f  0 .2 0 0 .
A l th o u g h  t h e  u sed  c a t a l y s t  e x h i b i t e d  a  s l i g h t  t e n d e n c y  to  
re m a in  i n  a l e s s  a c t i v e  s t a t e  ( t h e  r a t e  o f  p o i s o n i n g  was 
f a s t e n  and t h e  r a t e  o f  r e c o v e r y  s lo w e r )  t h e  e f f e c t  was so 
s m a l l  even o v e r  t h e  e x te n d e d  p e r i o d  o f  18 months t h a t  i t  can 
be n e g l e c t e d ,  and .the c a t a l y s t  r e g a r d e d  a s  s t a b l e  and 
r e p r o d u c i b l e  from  one ru n  to  t h e  n e x t .  Even i n  t h e  low 
Jh^O^  zone where such  e f f e c t s  become r e l a t i v e l y  more im p o r t ­
a n t  t h e  d i f f e r e n c e s  i n  c a t a l y t i c  e f f i c i e n c y  o v e r  2 y e a r s  were
v e r y  s m a l l .  At 0 .1  M t y p i c a l  r u n s  gave f i n a l  e f f i c i e n c i e s  
o f  0 . 19° and 0 .1 6 5 °  i . e .  a  d i f f e r e n c e  o f  o n ly  0 .02 5 ^  o v e r
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2 years .
3• Scope o f  E x p e r im e n ta l  I n v e s t i g a t i o n s .
The i n v e s t i g a t i o n s  covered  t h e  s e p a r a t e  e f f e c t  on
e f f i c i e n c y  ( i . e .  AT) o f  t h e  f i v e  v a r i a b l e s ,  1HgOg , pH, 
i o n i c  s t r e n g t h ,  r a t e  o f  d i s s o l u t i o n  o f  co p p e r  and t e m p e r a tu r e  
i n  t h e  r a n g e  40^0 -  50^C. In  a d d i t i o n  a s tu d y  was made o f  
t h e  s u r f a c e  d u r i n g  c a t a l y s i s  by p o t e n t i a l  m easu rem en ts ,  and 
t h e  s u r f a c e  a r e a  o f  t h e  c a t a l y s t  d e te rm in ed  by e t h y l e n e  
a d s o r p t i o n .  The v a r i o u s  s t u d i e s  i n  t h i s  s e c t i o n  were t h u s  : -
HgOg a t  c o n s t a n t( i )  t h e  e f f e c t  on t h e  e f f i c i e n c y  o f
i o n i c  s t r e n g t h ,  t e m p e ra tu r e  and pH
( i i )  t h e  e f f e c t  on t h e  e f f i c i e n c y  o f  i o n i c  s t r e n g t h  a t
c o n s t a n t  , t e m p e r a tu r e  and pH
( i i i )  t h e  e f f e c t  on t h e  e f f i c i e n c y  o f  t e m p e r a tu r e  a t
, i o n i c  s t r e n g t h  and pH
( i v )  t h e  e f f e c t  on t h e  e f f i c i e n c y  o f  pH a t  c o n s t a n t
, i o n i c  s t r e n g t h  and t e m p e r a tu r e
c o n s t e n t
HgOg
t h e  r e l a t i o n  between e f f i c i e n c y  and c a t a l y s t  
d i s s o l u t ! on
( v i ) t h e  c h a r a c t e r i s a t i o n  o f  s u r f a c e  c o m p o s i t io n
( v i i )  s u r f a c e  a r e a  d e t e r m i n a t i o n .
The I ^2^2 was s t u d i e d  from 2 M to  0 .025
8 4 .
V a r i a t i o n s  i n  t h e  1H^O o v e r  t h i s  r a n g e  r e v e a l e d  two 
d i s t i n c t  zones  o f  b e h a v io u r ,  one o p e r a t i n g  above and t h e
o t h e r  below an HgOg o f  0 .2 5  M ( P i g . 2 4 ) .  Above 0 .2 5  M -
z o n e ” -  awhich s h a l l  be r e f e r r e d  to  a s  t h e  "h ig h  jjigOg 
r e g u l a r  p a t t e r n  o f  e f f i c i e n c y  changes  were o b s e r v e d ,  b u t  
below 0 .2 5  M -  t h e  "low zone" -  a more o r  l e s s  s t e a d y
e f f i c i e n c y  was m a in ta in e d  from f i r s t  e x p o su re .
F o r  p u rp o s e s  o f  p r e s e n t a t i o n  t h e  e f f e c t  o f  t h e  
v a r i a b l e s  g iv e n  above w i l l  each  be d e a l t  w i th ,  w i t h  r e f e r e n c e  
t o  t h e s e  s e p a r a t e  zones  i . e .
(a) 2 M to  0 .2 5  M H^O^ -  h ig h  z o n e .
0 .2 5  M to  0 ,0 2 5  M H^Og -  low [ h^oJ  zone
on t h e  C a t a l y s t  E f f i c i e n c yThe E f f e c t  o f  IH2O2
(a) 2 M _ to  _0^25 M
As m en t io n ed  above c h a r a c t e r i s t i c  changes  to o k  
p l a c e  i n  t h e  e f f i c i e n c y  o f  t h e  c a t a l y s t  w h i le  i n  p ro lo n g ed  
c o n t a c t  w i t h  HgO^ above a c o n c e n t r a t i o n  o f  0 .2 5  M. These 
changes  were as  f o l l o w s  ( F i g . 24> 2 M c u r v e ) .
( i )  Im m ed ia te ly  t h e  w a te r  was r e p l a c e d  by HgOg, p o i n t  A, 
t h e  e f f i c i e n c y  i n c r e a s e d  r a p i d l y  t o  a  maximum v a l u e  
-  s e c t i o n  BC.
( i i )  The i n i t i a l  peak v a l u e  was fo l lo w e d  a lm o s t  
im m e d ia te ly  by a r e l a t i v e l y  slow f a l l  i n  e f f i c i e n c y
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8 5 .
t o  a minimum v a lu e  -  s e c t i o n  CD.
( i i i )  The minimum v a l u e  was f o l lo w e d  by a s low i n c r e a s e  i n  
e f f i c i e n c y  which  f i n a l l y  r e a c h e d  a second  maximum -  
s e c t i o n  DE. A f e a t u r e  o f  t h i s  slow r e c o v e ry  
p r o c e s s  was t h e  i n i t i a l  s ig m o id a l  shape  which a t  
h ig h  r a t e s  o f  d e c o m p o s i t io n  was fo l lo w e d  by a  s e r i e s  
o f  i n t e r m i t t e n t  l e a p s  ( P i g . 2 5 ) .
( i v )  T h i s  maximum was m a in ta in e d  d u r i n g  f u r t h e r  c o n t a c t  
-  s e c t i o n  EP.
The e f f e c t  o f on t h i s  sequence  o f  e f f i c i e n c y  changes
Ii s  shown i n  P i g s .  2 6 ,2 7 , 2 8 , 2 9 .  V a r i a t i o n s  i n  t h e  E^Og 
a l t h o u g h  n o t  a f f e c t i n g  t h e  p a t t e r n  o f  t h e  e f f i c i e n c y  changes 
d id  a f f e c t  t h e i r  e x t e n t  and r a t e  o f  change ,  i . e . ,
( i )  The i n i t i a l  i n c r e a s e  i n  e f f i c i e n c y  was n o t  o b s e r v a b ly
a f f e c t e d  by HgOg , i n  t h i s  r a n g e ,  b u t  t h e  peak
( s ' i g . 3 0 ) .
( i i )
e f f i c i e n c y  changed l i n e a r l y  w i th
The r a t e  o f  d e c l i n e  o f  t h e  e f f i c i e n c y  from t h e  peak  
e f f i c i e n c y  v a l u e  ap p e a red  s l i g h t l y  - a f f e c t e d  by 
HgOg . T ab le  4 shows t h e  p e r i o d  o f  i ^ d e c a y  i « e
'  - -  -  ■
M o l a r i t y  o f  HgOg 2 . 1 .5  1 . 0 ' 0 .5
-  decay i n  s e c s . 50 60 120 160
T a b l e  4 .
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( i i i )
t h e  t im e  i n  seconds  f o r  h a l f - c o m p l e t i o n  o f  t h e  
decay a t  t h e  d i f f e r e n t  c o n c e n t r a t i o n s .  I t  must he 
em phas ised  t h a t  t h e  ^ d e cay p e r i o d s  co u ld  n o t  he 
d e te rm in e d  w i th  g r e a t  a c c u ra c y  h u t  th e y  do s u g g e s t  
a  dependence  on
The minimum e f f i c i e n c y  v a l u e  was on ly  s l i g h t l y  -  h u t
( F i g . 5 0 ) .  Ass i g n i f i c a n t l y  -  a f f e c t e d  by
t h e  |^2^2  d e c re a s e d  t h e r e  was a s l i g h t  i n c r e a s e
i n  t h e  minimum e f f i c i e n c y  v a l u e .
( i v )  The f i n a l  i n c r e a s e  i n  e f f i c i e n c y  was u n a f f e c t e d  by
M o l a r i t y  o f 2. 1 .5 i - 0 .5
^ - r e c o v e r y  i n  m ins . 22 50 20 20
T ab le  5*
M o l a r i t y  o f 2. 1 .5 1 . 0 . 5
r e c o v e r y  i n  m ins . 21 25 19 20
T a b le  6.
H2O2 T ab le  5 and T a b le  6 show t h e  p e r i o d  o f  
^ - r e c o v e r y  f o r  t h e  t o t a l  r e c o v e r y  p r o c e s s  ( i n c l u d i n g  
t h e  i n t e r m i t t e n t  l e a p s )  -  T a b le  5 -  and t h e  i n i t i a l
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p e r io d  o f  s ig m o id a l  b e h a v io u r  -  T ab le  6,
(v) The f i n a l  s t e a d y  e f f i c i e n c y  ( t h i s  v a l u e  i n c l u d e s
t h e  f i n a l  i n t e r m i t t e n t  l e a p s  a s  w e l l  a s  t h e  i n i t i a l  
s igm oid )  which was m a in ta in e d  d u r i n g  f u r t h e r  c o n t a c t  
w i th  was o n ly  s l i g h t l y  a f f e c t e d  by
There  was a t  f i r s t  a  s l i g h t  f a l l  o f  e f f i c i e n c y  w i th
-  as  i n  ( i i i )  above -  f o l l o w e d  by 
a marked r i s e  which  c o n t r a s t s  w i t h  t h e  b e h a v io u r  a t  
t h e  minimum.
HgOg ( P i g . 51 ) .
I  ~i n c r e a s i n g  j
(b) 0 .2 5  M t o  0 .0 2 5  M
I n  t h i s  r e g i o n  t h e  i n i t i a l  peak  e n t i r e l y  d i s a p p e a r e d  
The e f f i c i e n c y  r o s e  r a p i d l y  t o  a l e v e l  from which  i t  su b s e ­
q u e n t l y  c l im bed v e r y  s l i g h t l y  to  a c o n s t a n t  v a l u e .  T h is  i s  
shown i n  t h e  cu rv e  f o r  0 .0 5  M ( F i g . 2 4 ) .  I n  F i g . 57 i t  w i l l  
be o b s e rv e d  t h a t  f o r  0 .1  M a t  50^0 t h e r e  i s  a d e t e c t a b l e  
te n d e n c y  t o  r e t u r n  t o  an i n i t i a l  peak  w i t h  a  s u b s e q u e n t  
s h a r p e r  r i s e  to  t h e  f i n a l  s t e a d y  v a l u e .
I n  t h i s  c o n c e n t r a t i o n  r e g i o n  t h e  e f f i c i e n c y  b o re  a  
re m a rk a b ly  s t r i c t  f i r s t  o r d e r  r e l a t i o n  w i th  t h e  ^gO g ( F i g . 32 
and F i g .35)'
A lth o u g h  t h e  r e s u l t s  o b t a i n e d  a t  0 .  25 M have been  
i n t e r p r e t e d  i n  te rm s  o f  t h e  low c o n c e n t r a t i o n  c o n d i t i o n s ,  t h e  
0 ,2 5  M case  e x h i b i t s  i n t e r m e d i a t e  e f f e c t s  and must be con­
s i d e r e d  a b o r d e r l i n e  c a se  between  t h e  two zones  o f  b e h a v io u r .  
I t  does  f o r  example e x h i b i t  e f f i c i e n c y  changes  d u r i n g  t h e
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p r e s e n c e  o f  a l t h o u g h  to  a  much l e a s e r  d e g re e  t h a n  i s
e n c o u n te r e d  a t  t h e  h ig h  c o n c e n t r a t i o n s .  I n  a d d i t i o n  t h e  
f i n a l  e f f i c i e n c y  l i e s  on t h e  f i r s t  o r d e r  l i n e  c o n n e c t in g  
[^2^2 f o r  t h e  low c o n c e n t r a t i o n  r e g i o n ,  a t  a  v a l u e
w e l l  below t h a t  u s u a l l y  e n c o u n te re d  where norm al  r e c o v e ry  
s t a g e s  a r e  in v o lv e d .
5. The E f f e c t  o f  I o n i c  S t r e n g t h  on t h e  C a t a l y s t  E f f i c i e n c y .
The e f f e c t  o f  i o n i c  s t r e n g t h  was s t u d i e d  o v e r  t h e  
ra n g e  yU = 0 .0001 to  yU = 0 .01  where yu  , t h e  i o n i c  
s t r e n g t h ,  i s  g iv e n  by
y U  =  C Z
where c = c o n c e n t r a t i o n  i n  m o l a l i t i e s
z = ch a rg e  c a r r i e d  by t h e  i n d i v i d u a l  i o n s
iî’o r  a  s i n g l e  u n i u n i v a l e n t  e l e c t r o l y t e  l i k e  sodium p e r c h l o r a t e
c
(a) 2 M t o  0 .2 5  M
The r e s u l t s  ( F i g . 34) g iv e  no i n d i c a t i o n  o f  depend­
ence on yU s i n c e  a h u n d r e d - f o l d  i n c r e a s e  i n  t h e  i o n i c  
s t r e n g t h  p roduced  no s i g n i f i c a n t  i n c r e a s e  i n  t h e  e f f i c i e n c y  
o f  t h e  c a t a l y s t  o r  i n  t h e  r a t e  o f  d i s s o l u t i o n  o f  t h e  c a t a l y s t  
(co pp er  d i s s o l u t i o n  i s  d e a l t  w i t h  b e lo w ) .
A ltho ug h  t h e  minimum e f f i c i e n c y  a p p e a r s  to  d e c r e a s e
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w i t h  d e c r e a s i n g  i o n i c  s t r e n g t h  t h e  e f f e c t  i s  n e g l i g i b l e  
compared w i t h  t h e  v a r i a t i o n  o f  i o n i c  s t r e n g t h .  The e f f e c t  
on t h e  f i n a l  s t e a d y  e f f i c i e n c y  i s  a l s o  n e g l i g i b l e .
(b) 0 .2 5  M to  0 .0 25  M
As i n  t h e  h i g h e r  c o n c e n t r a t i o n  r e g i o n ,  i o n i c  s t r e n g t h  
p roduced  no s y s t e m a t i c  e f f e c t  on t h e  e f f i c i e n c y  o f  t h e  
c a t a l y s t .  ( F i g . 5 5 ) .
6. The E f f e c t  o f  Tem pera tu r e  on t h e  C a ta l y a t  E f f i o i e nC][.
The e f f e c t  o f  t e m p e r a tu r e  on t h e  p r o c e s s e s  i s  shown 
i n  F i g s . 36 and 37. In  b o th  c o n c e n t r a t i o n  zones  t h e  e f f e c t  
i s  q u i t e  c l e a r  b o th  on t h e  e f f i c i e n c y  v a l u e s  a t  t h e  peak ,  
minimum and f i r s t  s t e a d y  v a l u e s  and on t h e  r a t e s  o f  t h e  
changes  i n  e f f i c i e n c y .
The r e s u l t s  a r e  c o r r e l a t e d  by use  o f  t h e  a q u a t i o n  
l o g  . . ^ ( e f f i c i e n c y )  = — 4- c o n s t a n t
2 .3  H.T
i n  which  i s  t h e  a p p a r e n t  ene rg y  o f  a c t i v a t i o n  o f  t h e
p r o c e s s .  I t s  s i g n i f i c a n c e  w i l l  be d i s c u s s e d  l a t e r .
(a)  2 M _ to  _0^25 M
( i )  At t h e  i n i t i a l  peak  e f f i c i e n c y ,  t h e  p l o t  o f
l o g ( e f f i c i e n c y ) a g a i n s t  -- ( F i g . 38) i s  l i n e a r  andTt h e  s lo p e  g i v e s  an a c t i v a t i o n  ene rgy  o f  16 .5  k c a l s .
( i i )  The d e c l i n e  from  t h e  peak  e f f i c i e n c y  t o  t h e  minimum
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e f f i c i e n c y  was n o t  s i g n i f i c a n t l y  a f f e c t e d  by te m p e ra ­
t u r e .  I n d e e d ,  i f  t h e  h a l f - t i m e  o f  t h e  decay i s  
t a k e n  a s  a m easure  o f  t h e  r a t e  o f  t h i s  p a r t i c u l a r  
p r o c e s s ,  t e m p e r a tu r e  has  p r a c t i c a l l y  no e f f e c t  
(Tab le  7 ) .  On t h e  o t h e r  hand i f  t h e  t a n g e n t  t o  t h e
T em pera tu re
^0
H a l f - t im e  o f  D e c l in e  
s e c s .
d j e f f i o i e n c ^
d t
40 40 1 .2
45 50 1 .8
50 50 2 .2
Tab le  7 ,
decay  cu rve  a t  t h e  peak I s  t a k e n  t h e n  t h e  f i g u r e s  
g iv e n  i n  Column 5 (Tab le  7) a r e  o b t a i n e d ,  where t h e  
f i g u r e s  a r e  i n  h u n d re d th s  o f  a d eg ree  ( AT) p e r  
sec o n d .  These f i g u r e s  g iv e  a rough  ene rg y  o f  
a c t i v a t i o n  o f  1 2 ^ 5  k c a l s .  (F ig -JB )  which  s u g g e s t s  
t h a t  i t  i s  e i t h e r  t h e  same o r  l e s s  t h a n  t h a t  fo und  
f o r  t h e  peak r a t e .
( i i i )  As i n  ( i )  an i n c r e a s e  i n  t e m p e r a t u r e  i n c r e a s e d  t h e  
minimum e f f i c i e n c y  v a l u e  such  t h a t  l o g ( e f f i c i e n c y )  
a g a i n s t  ^  , (F ig .  $8) gave an a c t i v a t i o n  energy^ o f  
19 .5  k c a l s .
( i v )  The f i n a l  slow i n c r e a s e  i n  e f f i c i e n c y  from t h e  
minimum v a l u e  was a f f e c t e d  by t e m p e r a t u r e ,  b o t h  i n
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t h e  r a t e  a t  which  i t  to o k  p l a c e  and i n  t h e  f i n a l  
v a l u e  which i t  a t t a i n e d .  The h a l f - l i f e  p e r i o d s  
a t  40^C, 45^C and 50^0 b o th  f o r  t h e  t o t a l  r e c o v e ry  
p r o c e s s  ( i n c l u d i n g  th e  i n t e r m i t t e n t  l e a p s  r e f e r r e d  
t o  above which became q u i t e  marked a t  (F ig .  25))
and a l s o  f o r  t h e  i n i t i a l  s igm oid  a r e  shown i n  
T ab le  8 .  A v a l u e  o f  26 .5  k c a l s .  ( F i g . 39) was
(v)
Tem pera tu re H a l f - l i f e  P e r i o d s  i n  mj.nutes
T o ta l  Recovery I n i t i a l  Sigmoid
40 40 40
45 59 53
50 27 50
T ab le  8 .
o b t a i n e d  f o r  t h e  energy o f  a c t i v a t i o n  o f  t h e  i n i t i a l  
s igm oid  shaped s e c t i o n  o f  t h e  r e c o v e r y  p r o c e s s .
Also in c lu d e d  i n  F i g . 39 a r e  t h e  l o g ( e f f i c i e n c y )  
f i g u r e s  f o r  t h e  o v e r a l l  r e c o v e r y  v a l u e  which do n o t  
d i f f e r  a p p r e c i a b l y  from t h e  s igm oid  v a l u e s .
A n o th e r  e f f e c t  o f  t e m p e r a tu r e  i n c r e a s e  which  i s  
c l e a r l y  i n d i c a t e d  by F i g . 36 i s  t h a t  an i n c r e a s e  i n  
t e m p e r a tu r e  d e c r e a s e s  t h e  t im e  s p e n t  i n  t h e  minimum 
e f f i c i e n c y  s t a t e .
92.
(b) 0 .2 5  M to  0 .0 25  M.
The f i n a l  e f f i c i e n c y  v a l u e  re a c h e d  on p ro lo n g e d  
c o n t a c t  w i t h  EgO^ was a f f e c t e d  by t e m p e r a tu r e  ( F i g . 57) g i v i n g  
an a c t i v a t i o n  energy  o f  1 1 .0  k c a l .  ( F i g . 3 9 ) .  The s l i g h t  
i n c r e a s e  i n  e f f i c i e n c y  which  n o rm a l ly  t a k e s  p l a c e  i n  t h i s  
r e g i o n  was a l s o  a f f e c t e d  by t e m p e r a tu r e  and an a c t i v a t i o n  
en e rg y  o f  6 k c a l . was found  f o r  t h e  s t a t e  im m e d ia te ly  a t t a i n e d
on ex p o su re  o f  t h e  c a t a l y s t  t o  ( F i g . 3 9 ) .
7 .  The E f f e c t  o f  pH on t h e  C a t a l y s t  E f f i c i e n c y  --- - ------------r^— rT-Bini  m i~ ~ ■ i ibi ■ ■!—iMirii i i r m iiwiii iVi w  1 ii i ■ imn i ■ ■imbii r ■■■ ■ mw-ffvi
The HgOg m o lecu le  i n  aqueous  s o l u t i o n  i s  s l i g h t l y  
d i s s o c i a t e d  a c c o r d i n g  to  t h e  e q u i l i b r i u m s -
HgOg ^  HOo' H*
The v a l u e  o f  t h e  e q u i l i b r i u m  c o n s t a n t
[aOn3 M
RmOK
has  been  d e te rm in e d  i n d e p e n d e n t l y  by J o y n e r a n d  Kargin^
—  1PJ o y n e r  found  a v a l u e  o f  1 .7 8  x 10’ gm. moles  p e r  l i t r e  a t  
20^0 and K arg in  1 .5 5  x 10**^^ gm. moles p e r  l i t r e  a t  t h e  
same t e m p e r a t u r e .
(a )  2 M to  0 .2 5  M
The e f f e c t  o f  [ H j  on t h e  e f f i c i e n c y  was examined 
a t  pH 4 . 5 ,  5 .1 5 ,  7 . 7  and 8 .0  . The r e s u l t s  a r e  shown i n
95.
F i g . 40. A r e d u c t i o n  i n  t h e  I n c r e a s e s  t h e  o v e r a l l
l e v e l  o f  t h e  c y c l i c  e f f i c i e n c y  changes ,  b u t  p r o p o r t i o n a l l y  
t h e  i n c r e a s e s  in v o lv e d  a r e  s m a l l  compared w i t h  t h e  a l t e r a —
t i o n s  i n  t h e  [Hj t a k i n g  p l a c e . T ab le  9  shows t h a t  a
pH 4 . 5 5 . 1 5 7 .7  ■ 8 . 0
H*** m o le s / 5 1 6 2 . 0  X  1 0 " ® 7 0 7 . 9  X 1 0 ~ ® 1 . 9 9 5  X  1 0 " ® 1 . 0  X  1 0 " ®l i t r e
H O ^ 'm oles / 2 . 6 6 5  X 1 0 " ^ 1 1 . 9 5 %  1 0 " 7 4 2 5 . 0  X 1 0 " ? 8 4 4 . 0  X  1 0 " ?l i t r e
Peedc AT 0 . 6 0 . 9 1 0 . 9 9 1.75
Minimum AT 0 . 5 5 0 . 5 4 0 . 5 6 0 . 9 9
F i n a l  A T 0 . 5 4 9 0 . 7 7 8 1 . 5 0 0 1 . 5 4 5( t o t a l )
P i n a l  A t 0 . 5 0 . 7 4 1 . 0 7 1 . 4 2( s ig m o id )
T ab le  S1.
c a u s e s  a p p r o x im a te lyt h r e e  t h o u s a n d - f o l d  d e c r e a s e  i n  t h e  
a  t h r e e - f o l d  i n c r e a s e  i n  t h e  peak ,  minimum and f i n a l  
i e f f i c i e n c y  v a l u e s .
(b) 0 .2 5  M to  0 .0 2 5  M.
I n  t h e  low c o n c e n t r a t i o n  zone t h e  pH e f f e c t  was 
s t u d i e d  a t  pH 4 . 5 ,  5*6, 6 . 7 ,  7 . 6 ,  8 . 5 ,  9 .5  and 1 0 .2  . The 
r e s u l t s  a r e  g iv e n  g r a p h i c a l l y  i n  F i g . 41 which i s  drawn on a 
l a r g e  s c a l e  to  a c c e n t u a t e  t h e  pH e f f e c t .
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The e f f e c t  o f  pH i s  s m a l l .  A d i s t i n c t  e f f i c i e n c y  
p a t t e r n  can however be  s e e n .  At pH 4 . 5 ,  5 . 6 ,  6 .7  and 7 .6  
t h e  e f f i c i e n c i e s  l i e  i n  a  t i g h t  band i n  which t h e  i n d i v i d u a l  
v a l u e s  i n c r e a s e  v e ry  s l i g h t l y  r e a c h i n g  s t e a d y  l e v e l s  a f t e r  
a p p r o x im a te ly  40 m in u te s .  The s t e a d y  v a l u e s  f i n a l l y  
a t t a i n e d  a l l  a g r e e  t o  w i t h i n  0.01 o f  a d e g r e e .
Above pH 7 . 6  a second  band was o b t a i n e d  c o n t a i n i n g  
t h e  r e s u l t s  a t  pH 8 . 5 ,  9*5 and 1 0 .2  . I n  t h i s  ca se  however 
t h e  e f f i c i e n c i e s  d e c r e a s e  s l i g h t l y  b e f o r e  r e a c h i n g  s t e a d y  
v a l u e s  a l l  o f  which  l i e  a p p r o x im a te ly  0 .0 5  d e g r e e s  above t h e  
s t e a d y  v a l u e s  o b t a i n e d  i n  t h e  lo w er  pH r a n g e .  A c o n s i d e r a b l e  
d i s c r e p a n c y  a r i s e s  be tw een  t h e  two g rou ps  f o r  t h e  e f f i c i e n c y  
a t t a i n e d  s h o r t l y  a f t e r  ex po su re  to  HpO^* Thus a t  10 m in u te s  
t h e  e f f i c i e n c y  a t  pH 6 .7  i s  e x p r e s s e d  a s  0 .1 2  and a t  pH 8 .5  
a s  0 . 255 . An ”i s o - p H ” p o i n t  c l e a r l y  e x i s t s  a t  ab ou t  pH 8
i . e .  t h e  pH a t  which  t h e r e  i s  n e i t h e r  r i s e  n o r  f a l l  i n  
e f f i c i e n c y  a f t e r  ex p o su re  to  HgOg.
8 .  The R ate  o f  Copper D i s s o l u t i o n .
The r a t e  o f  d i s s o l u t i o n  o f  co p p e r  was d e te rm in e d  -  a s  
m oles  o f  co p p e r  p e r  l i t r e  o f  e f f l u e n t  -  a t  r e g u l a r  t im e  
i n t e r v a l s  u n d e r  each  s e t  o f  c o n d i t i o n s .  A lth o u g h  t h e  r e s u l t s  
w h ich  a r e  summarised i n  F i g s . 42 t o  48 s u g g e s t  t h a t  d i s s o l u t i o n  
i s  n o t  d i r e c t l y  co n n e c ted  w i th  e f f i c i e n c y  s e v e r a l  v e r y  
i n t e r e s t i n g  e f f e c t s  were o b s e rv e d .  No v a r i a t i o n  i n  co pp e r
95.
d i s s o l u t i o n  was o b se rv e d  t o  p a r a l l e l  t h e  e f f i c i e n c y  changes  
30 t h e  t im e  s c a l e  i n  P i g s . 42 to  48 m e re ly  c o v e rs  t h e  t e s t  
p e r i o d .
(a) 2 M to  0 .2 5  M.
( i ) e f f e c t .
In  t h e  p r e s e n c e  o f  t h e  r a t e  o f  d i s s o l u t i o n
d e c re a s e d  w i th  i n c r e a s i n g  —(P ig .  42)—u n t i l  a t  2 M
d i s s o l u t i o n  was e n t i r e l y  s u p p r e s s e d .  S in c e  d i s s o l u t i o n  
a lways to o k  p l a c e  i n  t h e  p r e s e n c e  o f  p u re  w a t e r  t h i s  
r e s u l t  s u g g e s t s  t h a t  an i n s o l u b l e  l a y e r  i s  formed on t h e  
c a t a l y s t  s u r f a c e  a t  2 M.
That  d i s s o l u t i o n  i s  n o t  s im ply  c o n n e c ted  w i th  
e f f i c i e n c v  can be see n  from T ab le  10 where a d e c r e a s e  i n
®2°2 Rate  o f  D i s s o l u t i o n Peak
m o l e s / l i t r e  x 10 E f f i c i e n c y
1 . 5  M 
0 .0 25  M
3
11
0 .6 0
0 .0 6
Minimum
E f f i c i e n c y
0 .5 9
0 .0 6
P i n a l  E f f i c i e n c v
T o t a l
0 .6 5
0 . 0 6
Sigmoid
0 .5 7
T ab le  10.
®2°2 from 1 .5  M to  0 .0 2 5  M produced  much l a r g e r  v a r i a t i o n s  
i n  e f f i c i e n c y  t h a n  i n  r a t e  o f  d i s s o l u t i o n .
( i i )  I o n i c  S t r e n g t h  E f f e c t .
An i n c r e a s e  i n  t h e  i o n i c  s t r e n g t h  from 0.001 t o  0.01
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produced  no a l t e r a t i o n  i n  t h e  r a t e  o f  d i s s o l u t i o n  e i t h e r  i n  
t h e  p r e s e n c e  o f  w a te r  o r  i n  t h e  p r e s e n c e  o f  ( F i g . 45)*
E f f i c i e n c y  was a l s o  u n a l t e r e d  by t h i s  change .
( i i i )  T em pera tu re  E f f e c t .
An i n c r e a s e  i n  t e m p e r a tu r e  from 40^0 to  45^C to  
a l t h o u g h  p ro d u c in g  an i n c r e a s e  i n  e f f i c i e n c y ,  d i d  n o t  cause  
any s i g n i f i c a n t  a l t e r a t i o n  i n  re ite  o f  d i s s o l u t i o n  e i t h e r  i n  
t h e  p r e s e n c e  o f  w a te r  o r  ( F i g . 4 4 ) .  The c l o s e  s i m i l a r i t y
between t h e  r a t e s  o b t a in e d  b e f o r e  and a f t e r  t r e a t m e n t  w i t h  
^2^2 ^ '^êges ts  t h a t  c h ip p in g  o f  t h e  c a t a l y s t  s u r f a c e  o c c u r s  
d u r i n g  c a t a l y s i s  p ro d u c in g  t h e  f l u c t u a t i n g  r e s u l t s  u s u a l l y  
o b t a i n e d .
( i v )  pH E f f e c t .
The e f f e c t  o f  pH i s  shovm i n  F i g . 45- Between pH 4 .5  
and 8 .0  t h e  r a t e  o f  d i s s o l u t i o n  i n  t h e  p r e s e n c e  o f  HgO^ 
re m a in s  f a i r l y , c o n s t a n t  a t  ab ou t  5*5 • I n  t h e  p r e s e n c e  o f  
w a t e r  however t h e  r a t e  o f  d i s s o l u t i o n  d ro p s  from 5*5 t o  0 . 5  
m oles  o f  Cu X 10"^ when t h e  pH i s  i n c r e a s e d  from  4 .5  t o  5 .1 5 .  
F u r t h e r  i n c r e a s e  i n  pH t e n d s  to  r e d u c e  t h i s  r a t e  a lm o s t  t o  
25ero.
I t  a p p e a r s  t h a t  above pH 4 .5  a f a i r l y  s t a b l e  c a t a l y s t  
s u r f a c e  i s  formed i n  t h e  p r e s e n c e  o f  w a t e r .  T h is  s t a b i l i t y  
however i s  i n s u f f i c i e n t  t o  w i t h s t a n d  t h e  e r o d in g  a c t i o n  o f  
H^Og b u t  i s  r e - e s t a b l i s h e d  when p e r o x id e  i s  r e p l a c e d  by w a te r .
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(b)
( i )
0 .25
«2°2
to 0 .0 2 5 M
Effect.
As above a decrease in j^^Ogl increased the rate of 
dissolution (Pig.4 2). At 0.025 M the rate actually exceeded 
by about $0)G the rate in pure water, but at higher 
there was always a tendency - increasing with increasing 
[hgOJ - to suppress dissolution.
®2°2
( i i )  I o n i c  S t r e n g t h  E f f e c t .
The e f f e c t  o f  i o n i c  s t r e n g t h  i n  t h i s  c o n c e n t r a t i o n  
acne  was s i m i l a r  to  t h a t  e n c o u n te re d  i n  t h e  h ig h  c o n c e n t r a t i o n  
r e g i o n .  An i n c r e a s e  i n  i o n i c  s t r e n g t h  from 0»0001 t o  0.01 
p roduced  no i n c r e a s e  i n  r a t e  o f  d i s s o l u t i o n  d u r i n g  c o n t a c t  
w i t h  w a te r  o r  d u r i n g  c o n t a c t  w i th  H^O^ s o l u t i o n  ( P i g . 4 6 ) .
( i i i )  T em pera tu re  E f f e c t .
During  c o n t a c t  w i t h  w a te r  an i n c r e a s e  i n  t e m p e r a tu r e  
p ro du ced  a  d e c r e a s e  i n  t h e  r a t e  o f  d i s s o l u t i o n ,  a  r e l a t i o n s h i p  
w hich  was r e - e s t a b l i s h e d  a f t e r  c a t a l y s i s  ( P i g . 4 7 ) .  D ur ing  
c o n t a c t  w i th  H^O^ no s i g n i f i c a n t  v a r i a t i o n  w i t h  t e m p e r a tu r e  
co u ld  be d e t e c t e d  a l t h o u g h  t h e  e f f i c i e n c y  i n c r e a s e d  w i t h  
i n c r e a s i n g  t e m p e r a t u r e .
( i v )  pH E f f e c t .
In agreement with results obtained in the high
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zo ne ,  an  i n c r e a s e  i n  pH from 4 .5  t o  5-6  d e c re a s e d  t h e  r a t e  
o f  d i s s o l u t i o n  d u r i n g  c o n t a c t  w i t h  w a t e r  from 7 .1 0 ^ ^  m oles  
p e r  l i t r e  to  1 .1 0 “ ^ m oles  p e r  l i t r e  ( f i g . 48 a and h ) .
F u r t h e r  i n c r e a s e  i n  pH re d u ced  t h i s  v a l u e  u n t i l  d i s s o l u t i o n  
had a lm o s t  ceased  a t  pH 7 .
I n  t h i s  zone t h e  amount d i s s o l v e d  d u r i n g
c a t a l y s i s  i s  r e l a t i v e l y  h ig h .  C o n t ra ry  to  r e s u l t s  o b t a in e d
i n  t h e  h ig h
x-6
HgOg zo n e ,  i n c r e a s e  i n  pH re d u ced  t h i s  amount 
.-6from  6 .1 0 “ a t  pH 4 .5  t o  $ .1 0  a t  5 .6  . C ontinued  i n c r e a s e  
i n  pH d id  n o t  r e d u c e  t h e  amount any f u r t h e r  b u t  i t  i s  
i n t e r e s t i n g  t o  n o t e  t h a t  t h i s  v a lu e  i s  s i m i l a r  to  t h e  s t e a d y
v a l u e  o b t a i n e d  i n  t h e  h ig h z o n e .
From t h e  r e s u l t s  d e t a i l e d  above t h e  f o l l o w i n g  g e n e r a l  
r e s u l t s  a r e  i n f e r r e d .
A. D ur ing  c o n t a c t  w i t h  H^Op «
( i )  I n c r e a s e  i n ®2°2 re d u c e s  t h e  amount o f  cop p e r
d i s s o l v e d  u n t i l  none i s  d i s s o l v e d  a t  2 M.
( i i )  I o n i c  s t r e n g t h  does  n o t  i n f l u e n c e  t h e  amount 
d i s s o l v e d .
( i i i )  T em p era tu re  does  n o t  a f f e c t  t h e  r a t e  o f  d i s s o l u t i o n .
( i v )  I n c r e a s e  i n  pH re d u c e s  t h e  amount d i s s o l v e d  t o  a 
l i m i t  o f  $ .1 0 " ^  m o l e s / l i t r e .
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B. D uring  c o n t a c t  w i t h  H^O
f i )  The amount d i s s o l v e d  b e f o r e  o r  a f t e r  c a t a l y s i s  i s
i n d e p e n d e n t  o f  t h e  amount d i s s o l v e d  d u r i n g  c a t a l y s i s ,  
has  t h e r e f o r e  no perm anen t  e f f e c t .
( i i )  I o n i c  s t r e n g t h  h a s  no e f f e c t  on t h e  amount d i s s o l v e d .
( i i i )  T em p era tu re  has  a  sm a l l  a d v e r s e  e f f e c t  on t h e  r a t e  
o f  d i s s o l u t i o n .
( iv )  I n c r e a s e  i n  pH r e d u c e s  t h e  amount d i s s o l v e d  from 
a b o u t  6 .1 0 ” ^ m o l e s / l i t r e  a t  pH 5 to  z e ro  a t  abo u t  
pH 7 .
C. I n  a l l  c a s e s  o c c a s i o n a l  e v id e n c e  o f  m ic ro  p a r t i c l e s  o f  
b l a c k  o x id e  s u g g e s t s  ein e x p l a n a t i o n  f o r  t h e  wide 
v a r i a t i o n  i n  co p p e r  d i s s o l v e d  e s p e c i a l l y  w i t h
9. C h a r a c t e r i s a t i o n  o f  P o s s i b l e  S u r f a c e  C o m p o s i t io n .
The v a r i a t i o n s  i n  e f f i c i e n c y  o f  t h e  c a t a l y s t  d u r i n g
d e c o m p o s i t io n  o f h ig h  [ h^O, s o l u t i o n s  can be e x p la in e d  by
t h e  s im p le  s u p p o s i t i o n  t h a t  d u r i n g  p ro lo n g e d  c o n t a c t  w i t h  
HgOg a s e r i e s  o f  s u r f a c e  s p e c i e s  a r e  formed by
( i )  o x i d a t i o n  o r  r e d u c t i o n  t o  a h i g h e r  o r  lo w e r  v a l e n c y  
s t a t e  o r
( i i )  compound f o r m a t i o n  e . g .  o f  h y d ro p e ro x id e  o r  p e r o x id e .  
I f  su ch  a s e r i e s  o f  s u r f a c e  s t a t e s  e x i s t e d  e a ch  b e in g
00
r e s p o n s i b l e  f o r  a d i f f e r e n t  c a t a l y t i c  e f f i c i e n c y ,  v a r i a t i o n s  
i n  t h e  s u r f a c e  e q u i l i b r i u m  p o t e n t i a l  m igh t  p e r m i t  i d e n t i f i ­
c a t i o n  o f  t h e  v a r i o u s  s u r f a c e s  i n  t h e  l i g h t  o f  known s u r f a c e  
e q u i l i b r i u m  p o t e n t i a l s .
The p o t e n t i a l  r e s u l t s  a r e  d e s c r i b e d  below.
The cuprous  o x id e  e l e c t r o d e s  were p r e p a r e d  by 
a l t e r n a t e  o x i d a t i o n  and r e d u c t i o n  o f  d e g re a se d  Cu w i re  i n  
t h e  same manner a s  f o r  t h e  c a t a l y s t .  The e q u i l i b r i u m  
p o t e n t i a l  o f  t h e  e l e c t r o d e  was d e te rm in e d
A. i n  w a te r  b e f o r e  and a f t e r  ex p o su re  t o  and
B. th ro u g h o u t  th e  whole o f  t h e  c a t a l y t i c  p e r i o d .
A. Cu^O/HpO.
The p o t e n t i a l  o f  a  f r e s h l y  p re p a re d  Cu^O/H^O s u r f a c e  
was a lw ays fo und  to  be  - 0 . 0 6  v o l t s  ( i . e .  n e g a t i v e  t o  t h e
S . C . E . ) .  A f t e r  c o n t a c t  w i th  t h e  CUgO/HgO h a l f - c e l l
r e t u r n e d  t o  a  p o t e n t i a l  l y i n g  be tw een  +O.O5 v o l t s  and •«•0.05 
v o l t s .  Even i f  t h e  exposed e l e c t r o d e  was a l lo w ed  t o  rem a in  
i n  w a t e r  f o r  s e v e r a l  days  o r  was baked f o r  1 h o u r  a t  120^Cy 
a n e g a t i v e  p o t e n t i a l  cou ld  n o t  a g a in  be o b t a i n e d .
B. CUgO/HgOg •
(a )  2 M to  0 .2 5  M
Im m ed ia te ly  t h e  H^O was r e p l a c e d  by H^O^ t h e  
p o t e n t i a l  r o s e  r a p i d l y  t o  a  peak v a l u e .  F o l lo w in g  t h e  peevk
101 .
v a lu e  a c y c l i c  change o c c u r r e d  which  was s i m i l a r  t o  t h e  
v a r i a t i o n s  o b s e rv e d  i n  th e  measurement o f  c a t a l y s t  
e f f i c i e n c y  d u r i n g  d e c o m p o s i t io n ,  i . e  a  d e c r e a s e  t o  a  minimum 
fo l lo w e d  by an i n c r e a s e  to  a s t e a d y  s t a t e .
F i g . 49 shows t h e  p o t e n t i a l  changes  o b t a i n e d  from  
s u c c e s s i v e  t e s t s  on one Gu^O e l e c t r o d e .  These changes  e r e s -
( i )  A r a p i d  i n c r e a s e  i n  p o t e n t i a l  im m e d ia te ly  f o l l o w i n g  
t h e  change from H^O t o  EgOg.
( i i ) I n  each  c a s e  t h e  p o t e n t i a l  underw en t  t h e  above c y c l i c  
change .  The f a l l  t o  t h e  minimum was s m a l l  i . e .  
a p p r o x im a te ly  0 .015  v o l t s  ( i n s e t ,  F i g . 49) b u t  
d e f i n i t e  and s i m i l a r  i n  form  t o  t h e  e f f i c i e n c y  f a l l  
t o  t h e  minimum.
( i i i )  A r e p r o d u c i b l e  f i n a l  s t e a d y  s t a t e ,  p re c e d e d  by an 
i n c r e a s e  from th e  minimum was a lw ays  o b t a i n e d .  I t  
was in d e p e n d e n t  o f
( i v )  A slow d e c r e a s e  i n  p o t e n t i a l  f o l lo w e d  t h e  change 
b ack  to  w a t e r .
(v) F i g . 50 shows t h e  r e s u l t s  o b t a i n e d  from  a  f r e s h  Cu^O 
e l e c t r o d e  and a  f r e s h , d e g r e a s e d , b a r e  Cu e l e c t r o d e .
The p o t e n t i a l  changes  a r e  s i m i l a r  i n  a l l  r e s p e c t s  
a d d in g  w e ig h t  to  t h e  c o n t e n t i o n  t h a t  t h e  t h i n  o x id e  
f i l m  a lw ays  p r e s e n t  on m e t a l s  b eh a v es  s i m i l a r l y  to  
a  d e f i n i t e  o x id e  s u r f a c e .
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(b)  0 .2 5  M t o  0 .02 5  M
I n  t h e  low c o n c e n t r a t i o n  zone ( F i g . 51) t h e  change 
from  HgO to  H^Og was accompanied by an i n c r e a s e  I n  p o t e n t i a l  
t o  a  v a l u e  which rem ained  c o n s t a n t  d u r i n g  p ro lo n g e d  c o n t a c t  
w i t h  HgOg. No c y c l i c  changes  i n  p o t e n t i a l  were o b se rv e d  
w hich  i s  i n  ag reem ent  w i th  e f f i c i e n c y  r e s u l t s  o b t a i n e d  i n
t h i s zone .
The change from  E^Og back  to  H^O was accompanied by 
a  s low d e c r e a s e  i n  e f f i c i e n c y  a s  o b se rv e d  i n  t h e  h i g h e r  
HgOg r e g i o n .
(c )  Jë^£®£b_of jHgOg 2P__Stead2  
^UgO/HgOg Half;2.(^e^lL
The v a r i a t i o n  w i th  o f  t h e  f i n a l  s t e a d y  p o t e n t i a l
i s  shown i n  P i g s .  51 and 52.
HgOgAbove 0 .2 5  M t h e  p o t e n t i a l  i s  u n a f f e c t e d  by 
and s a t i s f i e s  t h e  r e l a t i o n s h i p
e = 0 .8 7  -  0 .065  pH
102T h is  e q u a t i o n  was fo u n d  by B o c k r i s  and O l d f i e l d  t o  e x p r e s s  
t h e  v a r i a t i o n  o f  p o t e n t i a l  o f  go ld  and p l a t i n u m  e l e c t r o d e s  
i n  t h e  zone 5 M t o  10“ ^ M. A s i m i l a r  r e l a t i o n s h i p
was shown by H a r t ,  A i tk e n  and B e a t o n ^ t o  a p p ly  t o  Ag f o r
HgOgJ o f  0 .1  and upw ards .
Below 0 .5  M t h e  p o t e n t i a l  i s  p r o p o r t i o n a l  t o
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l o g ^ g jH g O n  . (P ig  5 2 ) .
(d) P o t e n t i a l  D e c l in e  F o l l^ w in ^  t h £  C^bange^^HgOg ^o__HgO,
A c l o s e  e x a m in a t io n  o f  t h e  p o t e n t i a l  was made 
f o l l o w i n g  t h e  change from  to  HgO. The f o l l o w i n g
p o i n t s  were n o te d
( i )  The p o t e n t i a l  f e l l  r e l a t i v e l y  s lo w ly  i n  s p i t e  o f  t h e
r a p i d  r e p la c e m e n t  o f  t h e  by H^O ( F i g . 55)-
( i i )  Oxygen c o n t in u e d  to  be ev o lv ed  even when no HgOg 
co u ld  be d e t e c t e d  i n  t h e  e l e c t r o d e  chamber.
( i i i )  The p o t e n t i a l  seemed to  be r e l a t e d  t o  t h e  r a t e  o f
e v o l u t i o n  o f  oxygen. In  F i g . 55 oxygen c o n t in u e d  t o  
be  evo lved  u n t i l  p o i n t  B and t h e  i n c r e a s e  i n  p o te n ­
t i a l  n o te d  a t  p o i n t  A was accompanied  by an i n c r e a s e  
i n  t h e  r a t e  o f  e v o l u t i o n  o f  oxygen .
A c e s s a t i o n  i n  oxygen e v o l u t i o n  -  p o i n t  B -  was 
accompanied  by a d e c r e a s e  i n  t h e  r a t e  o f  f a l l  o f  
p o t e n t i a l .
( i v )  A b r i e f  b u t  r a p i d  e v o l u t i o n  o f  oxygen o c c u r r e d  from
t h e  CUgO e l e c t r o d e  when HgO was moved a c r o s s  a  
s u r f a c e  which  had b ee n  su r ro u n d e d  by s t i l l  HgO f o r
24 h o u r s  a f t e r  t r e a t m e n t  w i t h  HgOg. I n  a d d i t i o n  
t r a c e s  o f  cou ld  be d e t e c t e d  i n  t h e  e f f l u e n t  a t
t h i s  p o i n t .
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F i g .  5 3  S h o w i n g  T h e  F a u H n  P o t e n t i a l  O n  T h e  Cu E l e c t m d e  
F o l l o w i n g  T h e  C h a n g e  H i O e  t o H z O
1( i ) ,  ( i i )  and ( i i i )  s u g g e s t  t h a t  HgOg e x e r t s  two i n f l u e n c e s  
on t h e  e l e c t r o d e  s u r f a c e  i . e .
1.  Accompanying t h e  change H^O to  t h e  p o t e n t i a l
r i s e s  r a p i d l y  due t o  t h e  p r o d u c t i o n  o f  a  s p e c i e s  on 
t h e  c a t a l y s t  s u r f a c e  which  c o n t r o l s  t h e  p o t e n t i a l .
On rem oval o f  t h i s  s p e c i e s  s lo w ly  r e v e r t s  t o
i t s  p r e v i o u s  s t a t e  c a u s in g  a r e l a t i v e l y  slow f a l l  
i n  p o t e n t i a l .
2. A m o d e r a te ly  s t a b l e  compound i s  formed on t h e  
c a t a l y s t  s u r f a c e .
The f o l l o w i n g  f i g u r e s  (T ab le  11) g iv e  t h e  p o t e n t i a l  
o f  t h e  Cu/OUgO e l e c t r o d e  u n d e r  t h e  c o n d i t i o n s  o f  t h e  above 
e x p e r im e n t s .  The v a l u e s  g iv e n  a r e  r e f e r r e d  t o  t h e  S .C .S .  
a t  45^0. T h is  can be c o r r e c t e d  i f  n e c e s s a r y  t o  t h e  s t a n d a r d  
hydrogen  s c a l e  by a d d in g  0 .2 5 0  i . e .  t h e  p o t e n t i a l  o f  t h e  
S .C .E .  a t  45^C r e l a t i v e  t o  Eg.
105 .
. . . .
Half-cell Potential Results AveragePotential
Fresh Cu^O in
CUgO/HgO
—0 •06 • -0 .0 4 : —0 .07 -0.056
HgOg treated 
CUgO in
CUgO/HgO
+0 . 0 4 s 
+0 .042;
+0 .044:
+0.026:
+0 .0 5 4:
+0.012:
+0 .0 54
+0.05
+0.057
OUgO/HgOg
(a) Peak +0.5 4 5: 
+0 .552: 
+O.5IO;
+0.545:
+O.55O;
+O.52O:
+0.550: 
+0.558: 
+0.550
+0.552
+0-556 +0.535
(t) Minimum +O.55O: 
+0.50 :
+0.524; 
+0.51 Ï
+O.5I8: 
+0.52 :
+0.524
+0.526 +0.519
(c) Final +O.55O: 
+0.526s
+0.554;
+0.514:
+0.556:
+0.520
+0.526
+0.527
Table 1 1.
1 0. Surface Area Determination
The surface area of the Cu^O catalyst used in the 
catalytic studies was determined as described above.
After each addition of ethylene the number of moles 
adsorbed - Nx - and the equilibrium pressure attained - pz - 
were determined from the relationships
PV = NxHT
106.
where P is the pressure drop due to adsorption 
and V is the apparatus volume involved
and
px = X 6.542 . 10“  ^m.m. .61 above)
(columns 1 and 2 Table 12).
Nx —7moles  X 10
px
mm X 10~ ^
po -  px — ^mm X 10'"'' ----- - X 10%Hz (po -  pz) po
6 .5 0 .0 8 5 0 .4 4.5 0 .005
21.1 0 .1 6 3 0 .5 2 .5 0 .0053
56 .5 0 .52 5 0 .2 2.92 0 .0107
55.9 1 .0 2 9 .5 6 « 06 0 .033
7 8 .9 2 .5 2 8 .0 1 1 .2 0.0834
105.5 4 . 8 25.7 18 .2 0 .1 6
125.0 7.92 22.5 28 .7 0 .2 64
158.0 10.02 20.5 35.4 0.33
154.5 15.4 17.1 50 .8 0.45
Table 12.
The plot of px against Nx (Fig.5 4) indicated 
typical multilayer adsorption. No clear indication of the 
completion of a monolayer - point" - could be seen from 
the isotherm and the Brunauer, lanmett and Teller^^^ theoreti­
cal treatment cf multilayer adsorption was used to calculate
ISO
!0C
r*IO<KF 5 0
%
^^ .x ^ ^ ^ '^ 'calculateo " b " P o in t  .
Xyt 1VX/
1H
-5 10p »«. . MM X 10
F i g .5 4 .  S u i ^ f a c e  A r e a  I s o t h e r m (C2 H a : -183) F o r  CU2O S h o w i n g  
C a l c u l a t e d  " B "  P o i n t .
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Fi g . 5 5 .  B.E.T E s t im a t io n  Of The Volume Of The
IVlONOLAVER ADSORBED ON Cu%0,
1()7.
the volume of the monolayer.
From the B.E.T. treatment
  = _ L _  + m
Wx(po - px) Nm . C Hm . C po
where Nx = number of moles adsorbed at pressure px
Nm = number of moles adsorbed when the entire surface
is covered by a unimolecular layer 
po = saturated vapour pressure (50.5 • 10"”  ^m.m.Hg 
for CgH. at -185°C)
C = exp. (E^  -  E^)RT
E.J = heat of adsorption of 1st layer
E^ = latent heat of vapourisation
According to this equation a plot of — — ^ — —  againstNx(po - px)
^  should give a straight line where po
r* — 1 1slope = —  ----   and intercept = — -i—
Nm . C Nm . 0
from which Nm can be calculated. By plotting Nx against
^  , Nm can also be determined from the point of inflection 
poon this curve.
The values of (po - px), -— and ^  wereNx(po - px) po
calculated - columns 5 > 4 end 5 Table 12 - and — ^ — =— —Fx(po - px)plotted against ^  . A straight line was obtained (Fig.5 5)pofrom which
Slope = 9*9 . 10^ = and Intercept = 2 .7 • 10^
Nm . C ^
~ m  . c
108
C = 5 7 .7  and Nm = 9 .8 5  . 10"®
2S in ce  1 c . c .  m.m. c f  ad so rb ed  e t h y l e n e  c o v e r s  5 7 .2  cm 
(Wooten and C a l l a w a y - B r o w n ^ ) 1 mole c o v e r s  f . 045 . 10^ cm^
. "*. Nm m oles  c o v e r  1 .045  • 10^ . 9 .85  • 10”*^  cm^
= 1 .05  » 10^ cm^
S in ce  a p p r o x im a te ly  10^ by w e ig h t  o f  t h e  t o t a l  c a t a l y s t  was
used  f o r  s u r f a c e  a r e a  d e t e r m i n a t i o n  t h e  t o t a l  s u r f a c e  a r e a
5 2was e s t i m a t e d  a t  1 . 10 cm .
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D I S C U S S I O N
1. I n t r o d u c t i o n .
(a )  Obj.eçt_^
The o b j e c t  was to  s tu d y  u n d e r  f lo w  c o n d i t i o n s  t h e  
c a t a l y t i c  d e c o m p o s i t io n  o f  aqueous  HgOg by semi c o n d u c t in g  
m e ta l  o x id e s  and i n  p a r t i c u l a r  t o  i n v e s t i g a t e  changes  
o c c u r r i n g  i n  t h e  c a t a l y s t  e f f i c i e n c y  d u r i n g  t h e  n o n - s t e a d y  
p a r t  o f  t h e  p r o c e s s .  R e s u l t s  from t h e  CU2O/H2O2 sys tem  
show t h a t  marked and c h a r a c t e r i s t i c  c a t a l y t i c  e f f i c i e n c y  
changes  t a k e  p l a c e  b e f o r e  a s t e a d y  r a t e  p r o c e s s  i s  a c h ie v e d .
(b) O r i g i n  o f  Recorded T em pera tu re  D i f f e r e n c e s .
I t  i s  n e c e s s a r y  to  e s t a b l i s h  c l e a r l y  t h e  o r i g i n  o f  t h e  
r e c o r d e d  t e m p e r a tu r e  d i f f e r e n c e s  s i n c e  i t  i s  p o s s i b l e  t h a t  
t h e y  a r e  n o t  a s s o c i a t e d  w i th  th e  e f f i c i e n c y  o f  t h e  c a t a l y s t  
b u t  a r e  caused by some t e m p e r a tu r e  e f f e c t  o f  d i f f e r e n t  
o r i g i n .  I t  i s  r e a s o n a b l e  t o  n e g l e c t  (a)  a t e m p e r a tu r e  
c o n t r o l  e f f e c t  o r  (b) a h e a t  o f  d e c o m p o s i t io n  e f f e c t ,  s i n c e  
t h e  t e m p e r a tu r e  o f  t h e  s u b s t r a t e  im m e d ia te ly  b e f o r e  t h e  
c a t a l y s t  rem a in s  c o n s t a n t  and t h e  t e m p e r a tu r e  r i s e  caused  by 
d e c o m p o s i t io n  i s  so sm a l l  t h a t  t h e r e  can be no q u e s t i o n  o f  
i t  m e a s u ra b ly  a f f e c t i n g  t h e  e f f i c i e n c y .
I t  can be co n c lu d ed  t h e r e f o r e  t h a t  t h e  t e m p e r a tu r e  
v a r i a t i o n s  do r e f l e c t  t r u e  changes  i n  c a t a l y s t  e f f i c i e n c y .
1 1 0 .
(c )  D i f f u s i o n  C o n t r o l .
R a te  p r o c e s s e s  c o n t r o l l e d  by d i f f u s i o n  t o  a  s u r f a c e  
a r e  common i n  s o l i d / l i q u i d  sy s te m s .  The s t e p  i s  c h a r a c t e r ­
i s e d  by f i r s t  o r d e r  k i n e t i c s  and a c t i v a t i o n  e n e r g i e s  o f  
be tw een  5 and 5 k c a l .
F i r s t  o r d e r  dependence  on o c c u r s  i n  t h e  Cu^O/
HgOg sys tem  a t  t h e  i n i t i a l  peak  i n  t h e  h ig h  fË^Op r e g i o n  and 
a t  t h e  s t e a d y  s t a t e  i n  t h e  low zone ,  b u t  n e i t h e r  s t a g e
can be c o n s id e r e d  d i f f u s i o n  c o n t r o l l e d  s i n c e  t h e y  have h ig h  
t e m p e r a t u r e  c o e f f i c i e n t s  l e a d i n g  to  a c t i v a t i o n  e n e r g i e s  o f
1 6 .5  and 19 .5  k c a l .  r e s p e c t i v e l y .
R e j e c t i o n  o f  s o l u t i o n  phase  d i f f u s i o n  a s  t h e  l i m i t i n g  
f a c t o r  i s  s u p p o r t e d  by t h e  w id e ly  d i f f e r e n t  r a t e s  o b t a i n e d  w i th  
AgpO; CUgO, NiO and CoO u n d e r  i d e n t i c a l  e x p e r i m e n ta l  c o n d i t i o n s  
With 0 .3 5  M HpOp a s t e a d y  e f f i c i e n c y  e q u i v a l e n t  t o  0 .6 7 5 ^0  was 
q u i c k l y  a t t a i n e d  u s i n g  1” l e n g t h  o f  0 . 0 1 1 ” d i a m e t e r  o x i d i s e d  
w i r e .  At t h i s  same 7 2 ” o f  O .0 3 6 ” d i a m e te r  o x i d i s e d  Cu
w i re  r e a c h e d  a s t e a d y  s t a t e  o f  0 .7 ^ 0 ,  142” o f  O .0 56 ” d i a m e t e r  
o x i d i s e d  Ni w i r e  gave no d e t e c t a b l e  d e c o m p o s i t io n  and 3 6 " o f
0 . 0 3 6 ” d i a m e t e r  o x i d i s e d  Co w ire  r e a c h e d  0 .4 ^ 0 .
D ecom pos i t ion  i s  c l e a r l y  s u r f a c e  c o n t r o l l e d  and 
s u b s e q u e n t  d i s c u s s i o n  i s  based  on t h i s  c o n c lu s i o n .
Temperature C o e f f i c i e n t .
The t e m p e r a t u r e  c o e f f i c i e n t  i s  u s u a l l y  o b t a i n e d  by 
m e a s u r in g  t h e  s t e a d y  r e a c t i o n  r a t e  a t  a  s e r i e s  o f  t e m p e r a t u r e s
) 9 )
from w hich  a p l o t  o f  log^Qk a g a i n s t  — sh o u ld  y i e l d  a  s t r a i g h t  
l i n e  w i t h  a s l o p e  e q u a l  to A2.5  . H.T.
I t  i s  a common f e a t u r e  i n  k i n e t i c  d a t a  o f  r e a c t i o n s  
o c c u r r i n g  on s o l i d  s u r f a c e s  t h a t  t h e  ene rgy  o f  a c t i v a t i o n  
v a r i e s  w i t h  t h e  i n i t i a l  t e m p e r a tu r e  from which t h e  t e m p e ra ­
t u r e  changes  a r e  made. I t  i s  u s u a l  to  c o n s i d e r  t h i s  compen­
s a t i o n  e f f e c t  a s  an e n t ro p y  o f  a c t i v a t i o n  which changes  
p r o p o r t i o n a l l y  to  t h e  a c t i v a t i o n  energy  i . e .
r a t e  = ko .  exp .  [(S + A S ® ) /a ]  exp. (-E -  A # ) / R l [ |  
w i t h  A s* = f  A s*
Z w i e t e r in g  and Roukens^^^ e x p l a i n e d  t h i s  co m p en sa t io n  
e f f e c t  a s  due t o  a t r a n s i t i o n ,  f r o n  t h e  immobile  t o  t h e  m o b i le  
s t a t e ,  o f  t h e  a c t i v a t e d  complex wi'D.ch accompanied t h e  
d e c r e a s e  o f  a d s o r p t i o n  ene rgy  and t h e  r i s e  o f  a c t i v a t i o n  
en e rg y  w i th  i n c r e a s i n g  c o v e ra g e .
Ross^^ n o t e d  t h i s  e f f e c t  i n  h i s  i n v e s t i g a t i o n s  o f  t h e  
v a p o u r  phase  d e c o m p o s i t io n  o f  by semi c o n d u c t in g  m e ta l
o x i d e s  (T ab le  15) where he assumed t h a t  t h e  s u r f a c e  came to  
an a c t i v i t y  e q u i l i b r i u m  when exposed t o  a c o n s t a n t  t e m p e r a tu r e
T em p era tu re  o f  Change. C. A c t i v a t i o n  Etiergjr. k c a l . / m o l e
76 -  58 1 3 .2  + 0 . 5
58 -  100 11 .8  » 0 . 5
100 -  38 13 . 4 + 0 . 5  1
T a b le  13 .
1 1 2
t h e  l e v e l  o f  which  d e te rm in ed  t h e  l e v e l  o f  t h e  a c t i v i t y  
e q u i l i b r i u m .
A s i m i l a r  e x p l a n a t i o n  has  been  p roposed  by R o g in s k i i  
107and T s e l i n s k a y a  who e n v is a g e d  a s u r f a c e  composed o f  s i t e s  
o f  v a r y i n g  ene rgy  whose i n f l u e n c e  t h e r e f o r e  v a r i e d  w i t h  
t e m p e r a t u r e .
D e te r m in a t io n  o f  t h e  t e m p e r a tu r e  c o e f f i c i e n t  i n  t h e  
p r e s e n t  work was c o n f in e d  to  t h e  r a n g e  40^0 to  50^0. At 
su ch  a l e v e l  i o n i c  d e f e c t s  can  be c o n s id e r e d  immobile  and t h e  
v a r i a t i o n  o f  a c t i v a t i o n  en e rgy  w i th  t e m p e r a tu r e  n e g l i g i b l e .  
Under t h e s e  c i r c u m s ta n c e s  i t  i s  to  be e x p e c te d  t h a t  a c t i v a t i o n  
en e rg y  rem a in s  c o n s t a n t  v a r y i n g  o n ly  a c c o r d i n g  t o  a v a r i a t i o n
o f  t h e  r a t e  c o n t r o l l i n g  s t e p  and t h e  a d s o r p t i o n  o f  a r a t e
c h a n g in g  s p e c i e s .
2. E f f i c i e n c y  Changes w i t h  Cu^O.
As s t a t e d  above t h e  r e s u l t s  may be c o n s id e r e d
(a) a t  h ig h  jH^O^ -  2 M to  0 .2 5  M
(b) a t  low -  0 .2 5  M to  0 .0 2 5  M.
(a) 2 M to  0 .2 5  M
S ix  s t a g e s  can be r e c o g n i s e d  i n  t h i s  zone ( F i g . 23)*
1o An i n i t i a l  r a p i d  i n c r e a s e  i n  e f f i c i e n c y  t o  a peak  v a l u e
2. A peak  e f f i c i e n c y .
3 . A r e l a t i v e l y  slow f a l l  from  t h e  peak  e f f i c i e n c y .
4 . A minimum e f f i c i e n c y .
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5. A slow r e c o v e ry  i n  e f f i c i e n c y .
6. A f i n a l  s t e a d y  e f f i c i e n c y .
1. I n i t i a l  r a p i d  i n c r e a s e .
There a r e  two p o s s i b l e  e x p l a n a t i o n s  f o r  t h e  o b se rv e d  
i n i t i a l  i n c r e a s e ; -
( i )  The v a l u e s  a r e  s i g n i f i c a n t  ?and r e f e r  t o  a  r e a l  
c a t a l y s t  e f f i c i e n c y  i n c r e a s e  on c o n t a c t  w i th
( i i )  The e f f e c t  i s  due t o  t h e  s e t t i n g  up o f  c o n c e n t r a t i o n  
e q u i l i b r i u m  i n  t h e  s o l u t i o n  f o l l o w i n g  t h e  change 
from RgO to  HpO^.
I f  ( i )  t h e n  a change a f f e c t i n g  t h e  o x id e  i n  d e p th  must be 
r u l e d  o u t  s i n c e  t h e  p r o c e s s  i s  v e r y  r a p i d .  There  may be 
however a s u r f a c e  exchange r e a c t i o n  such  as
HO' ( s u r f a c e )  + = HO.;,'' ( s u r f a c e )  + H^O
o r  one i n  which some a c t i v e  r a d i c a l  o r  r a d i c a l  i o n  i s  c r e a t e d  
a s  d i s c u s s e d  below . I n  any ca se  t h e r e  i s  no d o u b t  t h a t  ( i i )  
must a l s o  be c o n s i d e r e d  and to  u n r a v e l  t h e  d e t a i l s  o f  any 
p r o c e s s  such  a s  ( i )  w i t h  a background  o f  ( i i )  would be 
i m p o s s i b l e  w i th  t h e  p r e s e n t  a p p a r a t u s .
2. Peak e f f i c i e n c y .
The s i g n . i f i c a a c e  o f  t h e  peak  e f f i c i e n c y  m igh t  be 
ambiguous i f  i t  i s  c o n s id e r e d  an a r r e s t  ; i . e .  a  c o n d i t i o n  
where a r i s i n g  e f f i c i e n c y  i s  o v e r t a k e n  by a d e c l i n i n g  p r o c e s s
14
A t r u e  i n i t i a l  e f f i c i e n c y  cou ld  p e rh a p s  be o b t a i n e d  by 
p r o j e c t i n g  t h e  e f f i c i e n c y  d e c l i n e  c u rv e  back to  z e ro  t im e ,  
i f  t h e r e  was an a c c u r a t e  knowledge o f  t h e  law g o v e r n in g  t h e  
d e c l i n e .
I f  i t  i s  assumed t h a t  th e  s t e a d y  s o l u t i o n  c o n d i t i o n s  
a r e  e s t a b l i s h e d  l i n e a r l y  w i th  t im e f o r  a l l  s o l u t i o n s  i t  may 
f o l lo w  t h a t  t h e  m easured peak e f f i c i e n c y  w i l l  v a r y  i n  t h e  
same manner w i th  [h^O^ e t c .  as  would a " t r u e  i n i t i a l  p e a k ” 
v a l u e .
The e x p e r im e n ta l  p r o p e r t i e s  o f  t h e  peak r a t e  a r e ; -
( i )  Peak e f f i c i e n c y  = k  4- k^
( i i )  I t  i s  i n d e p e n d e n t  o f  pH end i o n i c  s t r e n g t h .
( i i i )  The a c t i v a t i o n  energy  i s  16 .5  k c a l .  a s  c a l c u l a t e d
from  E = e f f i c i e n c y L  a j - U L l
d t
The a c t i v a t i o n  ene rgy  v a l u e s  a r e  r e g a r d e d  a s  l i t t l e
more t h a n  an i n d i c a t i o n  o f  t h e  s i z e  o f  t h e  t e m p e r a tu r e
e f f e c t .
5* D e c l in e  from t h e  peak e f f i c i e n c y .
The peak  e f f i c i e n c y  was s lo w ly  p o i s o n e d ,  r e a c h i n g  a 
minimum v a l u e  a f t e r  a p p r o x im a te ly  10 m i n u te s .  The r a t e  o f  
d e c l i n e  was u n a f f e c t e d  by i o n i c  s t r e n g t h ,  t e m p e r a tu r e  and 
pH, b u t  i n c r e a s e d  w i t h  i n c r e a s i n g  .
The f o l l o w i n g  c o n c lu s i o n s  can be d ra w n : -
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(a )  At c o n s t a n t  jH^O^ t h e  r a t e  o f  d e c o m p o s i t io n  f a l l s  
f rom  t h e  peak a c c o r d i n g  to
1
r a t e  o f  d e c o m p o s i t io n  
-  see  P i g . 56.
o <  t im e  (1)
(û) S u r f a c e  a r e a  d a t a  on t h e  d r i e d  o x id e  gave a ro u g h n e ss  
f a c t o r  o f  10^ and an ad so rb ed  m onolayer  c o n t a i n i n g
t;1 .0  . IC*"^  m oles  o f  e t h y l e n e .  S ince  t h e  e t h y l e n e  
m o le c u le  i s  s i m i l a r  i n  d im en s io n s  to  t h e  HgOg m o le c u le  
i t  i s  r e a s o n a b l e  t o  assume t h a t  t h i s  f i g u r e  i s  w i t h i n  
a f a c t o r  o f  2 o f  t h e  maximum p o s s i b l e  number o f  s i t e s  
on t h e  c a t a l y s t  s u r f a c e  a t  which an H^Og m o le c u le  
cou ld  be a d s o rb e d .  I t  i s  p o s s i b l e  t h a t  H^O^ w i l l  be 
a d so rb e d  and decomposed i n  c r a c k s  which must l a r g e l y  
compose t h e  s u r f a c e ,  b u t  i t  i s  l i k e l y  t h a t  t h e  evo lved  
Og w i l l  be u n a b le  t o  e sc ap e  f r e e l y  and w i l l  t h u s  s e a l  
o f f  t h e  c r a c k  s u r f a c e  from f u r t h e r  c o n t a c t  w i th  
s o l u t i o n .  T h is  s u g g e s t i o n  h as  s u p p o r t  i n  t h a t  a f t e r  
c a t a l y s i s  and subm ers ion  i n  H^O a s h o r t - l i v e d  e v o lu ­
t i o n  o f  Og can be o b se rv e d  when H^O i s  p a s sed  v i g o r ­
o u s ly  o v e r  t h e  c a t a l y s t  s u r f a c e .
I t  i s  t h e r e f o r e  v e r y  l i k e l y  t h a t  t h e  e f f e c t i v e
a c t i v e  s u r f a c e  w i l l  be  v e ry  much s m a l l e r  t h a n  t h e
-Se q u i v a l e n t  o f  2 . 10 m o les .  The number o f  m oles  
o f  d e s t r o y e d  i n  t h e  t im e  r e q u i r e d  t o  p a s s  from
t h e  peak e f f i c i e n c y  t o  t h e  minimum i s ,  a t  1 .0  M EgOg»
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_ 21*2 . 10 . Taking  t h e  number o f  a c t i v e  s i t e s  a s
—52 .0  . 10 , 600 HgOg m o le c u le s  a r e  d e s t r o y e d  p e r
a c t i v e  s i t e  d u r i n g  t h i s  p e r i o d .
Thus t h e  d e c l i n e  i s  n o t  due t o  a mechanism whereby each
d e c o m p o s i t io n  o f  an H^Og l e a d s  t o  p o i s o n in g  o f  t h e  s i t e
i n v o l v e d .
S e v e r a l  a l t e r n a t i v e s  a r e  p o s s i b l e ,  v i z
( i )  a  s low s u r f a c e  p r o c e s s  p r o p o r t i o n a l  to  t h e  jÊ^O^ b u t  
s e p a r a t e  from c a t a l y s i s
( i i )  a  slow s u r f a c e  p r o c e s s  p r o p o r t i o n a l  t o  d e c o m p o s i t io n
( i i i )  a  slow s u r f a c e  r e a r r a n g e m e n t
( iv )  a  r e a c t i o n  i n  t h e  ox id e  p e n e t r a t i n g  i n t o  t h e  b u l k .
I t  i s  c o n v e n ie n t  a t  t h i s  p o i n t  t o  r e g a r d  t h e  h i g h l y  a c t i v e
s u r f a c e  s p e c i e s  a s  S-X where i t  need  n o t  be d e c id e d  y e t
w h e th e r  S-X i s  a  p r o p e r t y  o f  t h e  o r i g i n a l  o x id e  s u r f a c e  o r  
w h e th e r  i t  i s  g e n e r a t e d  by HgOg d u r i n g  t h e  i n i t i a l  r a p i d  
i n c r e a s e  t o  t h e  peak .
F o r  ( i )  a  r e a c t i o n  o f  t h e  form
S-X + xHgOg = S-Y + p r o d u c t s
i s  s u g g e s te d  where S-Y' i s  e i t h e r
(a )  a  l e s s  a c t i v e  c a t a l y s t  c e n t r e  t h a n  S-X 
o r  (b) a  s t a b l e  s u r f a c e  s p e c i e s  u n a b le  t o  cause  c a t a l y s i i
I f  (a )  t h e  minimum s t e a d y  s t a t e  can be e i t h e r  t h e  r a t e  
c o r r e s p o n d i n g  to  com ple te  c o n v e r s io n  to  S-3T o r  an
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e q u i l i b r i u m  r e a c t i o n  i n v o l v i n g  p o i s o n i n g  and r e g e n e r a t i o n .  
R e g e n e r a t io n  i s  n e c e s s a r y  t o  e x p l a i n  t h e  a p p r e c i a b l e  r a t e  o f  
d e c o m p o s i t io n  a t  t h e  minimum e f f i c i e n c y .  I t  i m p l i e s  a  s t e p  
o f  t h e  k in d
S-Y = S-X + i n a c t i v e  m o le c u le
o r  S-Y + yHgOg = S-X + i n a c t i v e  m o le c u le
I f  (b) t h e  minimum e f f i c i e n c y  must be due t o  an e q u i l ib r j .u m  
a s  i n  ( a ) .
F o r  ( i i )  t h e r e  i s  t h e  p o s s i b l e  f o r m u l a t i o n
S-X + Z = S-Y 4- p r o d u c t s
where Z i s  ROg? HO, 0 ’ o r  0^* an H2O2 d e r iv e d  i n t e r m e d i a t e
As i n  ( i )  S-Y can e i t h e r  be c a t a l y t i c a l l y  l e s s  a c t i v e  t h a n  
S-X o r  c o m p le te ly  i n e r t  and i t  i s  l i k e l y  t h a t  t h e  minimum 
e f f i c i e n c y  would be an e q u i l i b r i u m  d ep e n d in g  on r e g e n e r a t i o n  
o f  t h e  l e s s  a c t i v e  S-Y.
B ecause  o f  t h e  s e n s i t i v e  dependence  o f  t h e  r a t e  o f
HgOg i t  seemsd e c l i n e  ( i . e .  t h e  r a t e  o f  p o i s o n in g )  on 
r e a s o n a b l e  to  r e g a r d  t h e  a l t e r n a t i v e s  ( i i i )  and ( i v )  a s  t h e  
l e a s t  l i k e l y ;  ( i v )  p e rh a p s  l e a s t  o f  a l l .
E i n e t i c a l l y  ( i )  and ( i i )  a r e  i d e n t i c a l  i f  t h e  [z] 
i s  p r o p o r t i o n a l  t o  . To a n a l y s e  ( i )  t h e  t r e a t m e n t
may be s i m p l i f i e d  by p r o p o s in g  f o r  t h e  peak  t h e  two r e a c t i o n s ,  
v i z
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(a)  C a t a l y s i s
S-X + HgOg = S-X + p r o d u c t s
R ate  o f  c a t a l y s i s  = r  = knc 
where = c and n = t h e  f r a c t i o n  o f
t h e  o x id e  s u r f a c e  i n  t h e  a c t i v e  form S-X .
(h) P o i s o n i n g s -
2 (S-X) + = S-y + p r o d u c t s
2Rate  o f  p o i s o n i n g  = k ’n  e
I g n o r i n g  t h e  r e g e n e r a t i o n  o f  S-Y which  may be j u s t i f i a b l e  
n e a r  t h e  peak  when t h e  f r a c t i o n  o f  t h e  s u r f a c e  cove red  by i t  
sh o u ld  be sm a l l  i . e .  n  '= 1, t h e n
= k ’n^c  and f = k .d n .  cd t  d t
i . e .  I = -  k k* n^c^d t ] p e a k
At co n s tem t  ^  i . e .  a t  t h e  peak v a l u e  i t s e l f
\ d t / p e a k  L ^ 4J
As w i l l  be p o in t e d  o u t  below t h i s  r e l a t i o n s h i p  can no t  be 
v e r i f i e d  e x p e r i m e n t a l l y  s i n c e  t h e  " t r u e  peak e f f i c i e n c y "  
can no t  p o s s i b l y  be m easured  w i th  t h e  p r e s e n t  a p p a r a t u s .
However r  n e a r  t h e  peak  e f f i c i e n c y  may be s im ply  
r e l a t e d  t o  t im e  o v e r  a s h o r t  p e r io d  d u r i n g  which i t  r e m a in s  
t r u e  t h a t  r e g e n e r a t i o n  i s  sm a l l  i . e .
—  = -  k k*n^c^ and r  s= knc
d t
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-dr k' _2
d t  k
which g i v e s  on I n t e g r a t i o n  t h e  e x p e r im e n ta l  form o f  e q u a t io n  
( l )  ab o v e ,  v i z :
— = —  * t  + c o n s t a n t  (2)r  k
A lth o u g h  a s  was s t a t e d  above t h e  " t r u e  peak e f f i c i e n c y "  i s  
n o t  m easured  i t  would a p p e a r  from e q u a t i o n  ( l )  and (2) t h a t  
a t  t h e  ra n g e  measured  r e g e n e r a t i o n  i s  s m a l l .
I n  a d d i t i o n  e q u a t i o n  (2) g i v e s  t h e  v a r i a t i o n  o f  r a t e  
w i t h  t im e  to  be in d e p e n d e n t  o f  • E x p e r im e n ta l  r e s u l t s
(F ig .  56) do in d e e d  g iv e  t h i s  s in c e  t h e  p l o t  o f  — / t i m e  f o r
1 .5  M HgOg and 1 .0  M a r e  p a r a l l e l .
The c o m b in a t io n  o f  a  c a t a l y t i c  r e a c t i o n  which i s
u n i m o le c u l a r  i n  s u r f a c e  s p e c i e s  and a  b i m o l e c u l a r  s u r f a c e  
p o i s o n i n g  s t e p  i s  t h e  o n ly  one which  a c c o rd s  c l o s e l y  w i t h  
e x p e r i m e n ta l  f i n d i n g s .  T h is  w i l l  be d i s c u s s e d  i n  f u r t h e r  
d e t a i l  l a t e r .
4o Minimum e f f i c i e n c y .
The minimum e f f i c i e n c y  i s  u n a f f e c t e d  by i o n i c  s t r e n g t h  
and i s  o n ly  v e r y  s l i g h t l y  a f f e c t e d  by . I t  has  an
a c t i v a t i o n  energy  o f  19 .5  k c a l .  and v a r i e s  i n v e r s e l y  w i t h
t h e  . T h is  v a r i a t i o n  ( F i g . 57) can be r e p r e s e n t e d  i n
t h e  fo rm
e f f i c i e n c y  = k k® .
20 CHz Oi I
o =  1 5 m
l'A X* 10 MpH : 4  5
/IL : 0 0 0  1
l'E T • 45® c
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This  s u g g e s t s  t h a t  t h e  minimum i s  more complex t h a n  com ple te  
c o n v e r s io n  t o  S-Y would e x p l a i n  i . e .  a  s u r f a c e  s p e c i e s  i s  
more l i k e l y  t o  c o n s i s t  o f  a  s t e a d y  s t a t e  be tw een  d e s t r u c t i o n  
GUid r e g e n e r a t i o n .  T h is  w i l l  be d i s c u s s e d  l a t e r  i n  r e g a r d  
to  s p e c i f i c  m echanisms.
5o F i n a l  i n c r e a s e  i n  e f f i c i e n c y .
The f i n a l  i n c r e a s e  i n  e f f i c i e n c y  h as  t h e  f o l l o w i n g  
c h a r a c t e r i s t i c s
( i )  I t  i s  v e r y  much s lo w e r  t h a n  t h e  p r e c e d i n g  p r o c e s s e s  
e . g .  a t  45^0 and w i t h  1 M 33 m in u te s  a r e  r e q u i r e d  
f o r  c o m p le t io n  compared v?ith 7 m in u te s  f o r  t h e  d e c l i n e .
( i i )  I t  i s  u n a f f e c t e d  by jH^O^ - T h is  s t a t e m e n t  i s  
p a r t i c u l a r l y  t r u e  f o r  th e  smooth e f f i c i e n c y / t i m e  
c u rv e s  b u t  r e q u i r e s  q u a l i f i c a t i o n  i n  t h e  ca se  o f  t h e  
s t e p - v d s e  gro7/th c u rv e s  r e f e r r e d  to  i n  ( i i i )  be low .
( i i i )  At h ig h  one o r  more d i s c o n t i n u i t i e s  a r e  u s u a l l y
o b se rv e d  i n  t h e  c u rv e ,  g i v i n g  t h e  e f f e c t  o f  an o n s e t  
o f  f r e s h  g row th  b e f o r e  t h e  f i r s t  p r o c e s s  i s  com ple te  
( F i g . 25)* I n  such  c a s e s  e x t r a p o l a t i o n  o f  t h e  e a r l i e r  
smooth grow th  i n d i c a t e s  a lo w er  f i n a l  e f f i c i e n c y  t h a n  
i s  a c t u a l l y  a t t a i n e d .  The dependence  o f  t h e
f i n a l  s t e a d y  v a lu e  i s  f o r  t h i s  r e a s o n  n o t  q u i t e  t h e  
same a s  t h a t  o f  t h e  in t e i rm e d ia te  s t e a d y  s t a t e  (F ig .  31 ) - 
R e f e r r i n g  t o  t h e  e x p r e s s i o n
1 2 1 .
e f f i c i e n c y  = k + ——
[HgOgJ
f o r  t h e  i n t e r m e d i a t e  s t e a d y  s t a t e ,  t h e  a d d i t i o n  o f  a  
t e rm  k ' ' |H gO j makes i t  a p p l i c a b l e  t o  t h e  f i n a l  
s t a t e .  T h i s  s a t i s f i e s  t h e  r e s u l t s  and f i t s  i n  w i t h
j
t h e  o b s e r v a t i o n  o f  renewed " s t e p s "  a t  t h e  h ig h  pÎ2^2 
i f  i t  can be s a i d  t h a t  t h e  i n c r e a s e  o f  e f f i c i e n c y  
due to  t h e s e  s t e p s  i s  p r o p o r t i o n a l  to  .
( i v )  The g row th  i s  v e r y  s e n s i t i v e  t o  t e m p e r a tu r e  change .  
T ak ing  t h e  r a t e  o f  d e c o m p o s i t io n  a t  t h e  t im e  o f  h a l f  
change a s  a c o m p a ra t iv e  m easure  o f  t h e  r a t e , an 
a c t i v a t i o n  ene rgy  o f  $ 7 .5  k c a l .  i s  o b t a in e d  ( F i g . ^ 8 ) .
(v) The growth  r a t e  i s  i n d e p e n d e n t  o f  pH.
A l l  t h e s e  c h a r a c t e r i s t i c s  ac co rd  v e r y  w e l l  w i t h  t h e  
i d e n t i f i c a t i o n  o f  t h i s  s t a g e  w i t h  a  s o l i d  r e a c t i o n  s e t  o f f  
by t h e  change i n  t h e  s u r f a c e  c o n d i t i o n  b ro u g h t  a b o u t  by t h e  
EgOg. T h is  w i l l  be  d i s c u s s e d  i n  g r e a t e r  d e t a i l  be low .
6o F i n a l  s t e a d y  e f f i c i e n c y .
The f i n a l  s t e a d y  e f f i c i e n c y  i s  r e l a t e d  to  I n
t h e  same way a s  t h e  minimum s t e a d y  s t a t e  p ro v id e d  t h e  g row th  
cu rv e  i s  smooth and w i t h o u t  s t e p s .  I n  F i g . 57 t h e  f i n a l  
e f f i c i e n c y  v a l u e s  o b t a i n e d  by e x t r a p o l a t i o n  o f  t h e  i n i t i a l  
e igm oid  (P ig .  31) a r e  p l o t t e d  a g a à a s t  — 1 ~ ~  , The r e s u l t i n g
k o g ]s t r a i g h t  l i n e  i n d i c a t e s  t h a t  t h i s  e f f i c i e n c y  v a l u e  v a r i e s
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a c c o r d i n g  to
r  = k  + k* o — - — —
D is c o n t in u o u s  s t e p s  o c c u r  a t  t h e  h i g h e r  -  1«5 M and
2 M -  and g iv e  an a c t u a l  f i n a l  r a t e  somewhat g r e a t e r  t h a n
i n d i c a t e d  by t h i s  e q u a t i o n .
The t e m p e r a t u r e  c o e f f i c i e n t  o f  t h e  f i n a l  e f f i c i e n c y  
( t r u e  o r  e x t r a p o l a t e d )  i s  2 6 .5  k c a l .  ( P i g . 3 9 ) .
(b)  0 .2 5  M to  0 .0 2 5  M
Below 0 .2 5  M t h e  c y c l i c  e f f i c i e n c y  changes  a r e
no l o n g e r  o b s e rv e d .  An e f f i c i e n c y  -  which  i n c r e a s e s
s l i g h t l y  d u r i n g  p ro lo n g e d  c o n t a c t  w i th  HgOg -  w i th o u t  peak  
o r  minimum i s  r a p i d l y  a t t a i n e d  end i s  d i r e c t l y  p r o p o r t i o n a l  
t o  and i n d e p e n d e n t  o f  i o n i c  s t r e n g t h .  T here  i s  a
v e r y  s l i g h t  pH e f f e c t .  The t e m p e r a tu r e  c o e f f i c i e n t  i s  low 
g i v i n g  an a c t i v a t i o n  ene rgy  o f  6 k c a l .  on i n i t i a l  ex p o su re  
t o  HgOg which i n c r e a s e s  on p ro lo n g e d  c o n t a c t  w i t h  HgOg to
1 1 .0  k c a l .
(c )  G en e ra l  M e c h a n i s t i c  T re a tm e n t  o f  R e s u l t s
The above c h a r a c t e r i s t i c s  w i l l  be  d i s c u s s e d  f u r t h e r  
i n  two a s p e c t s 5-
( i )  t h e  c a t a l y s t  s u r f a c e ,  t h e  ad so rb e d  s p e c i e s  and t h e i r  
r e a c t i o n s
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( i i )  t h e  r e s p o n s e  o f  t h e  c a t a l y s t  i n  d e p th  t o  t h e  s u r f a c e  
s i t u a t i o n
and an a t t e m p t  w i l l  be made t o  show t h a t  t h e  r e s u l t s  j u s t i f y  
t h i s  d i v i s i o n .
B r i e f l y  t h e  scheme i s  as  f o l l o w s ; -
1. On f i r s t  e x p o su re  t h e  ox ide  s u r f a c e  e n t e r s  i n t o  a  
c y c l i c  r e a c t i o n  w i th  H^O^. The a c t i v e  s u r f a c e  s i t e s  
may a l r e a d y  e x i s t  o r  be c r e a t e d  r a p i d l y  by HgO^.
2. A p o i s o n i n g  o f  t h e s e  a c t i v e  s i t e s  t a k e s  p l a c e  by
r e a c t i o n  w i th  H^Og l e a d i n g  to  a  r e l a t i v e l y  i n a c t i v e  
s i t e .  T h is  r e a c t i o n  has  a much lo w er  p r o b a b i l i t y  
t h a n  t h e  r e a c t i o n  l e a d i n g  to  c a t a l y s i s .  T h e - i n a c t i v e  
s i t e  can r e g e n e r a t e  i t s e l f .  The p o i s o n i n g  does n o t
t a k e  p l a c e  w i th  lov; |H20.
5 .  The minimum i s  r e a c h e d  when t h e  p o i s o n i n g  ^and reco ve i 'y
i n  2. a r e  b a l a n c e d .
4 .  As a  r e s u l t  o f  1, 2 and 3? t h e  o x id e  s u r f a c e  i s  th row n
o u t  o f  e q u i l i b r i u m  w i t h  t h e  b u l k .  A slow r e t u r n  to  
e q u i l i b r i u m  i n v o l v i n g  a complex s o l i d  d i f f u s i o n  
p r o c e s s  f r e e s  more s u r f a c e  s i t e s  t o  p a r t i c i p a t e  i n  t h e  
whole p r o c e s s  o f  c a t a l y s i s .
S t e p s  1, 2 and 3 o&u be c o n s i d e r e d  a s  coming u n d e r  ( i )  w i t h o u t  
n o t i c e a b l e  i n t e r f e r e n c e  from  4. which i s  e n t i r e l y  r e s p o n s i b l e  
f o r  t h e  l a t e r  e f f i c i e n c y  grow th  a t  h i g h  jHgO^ . F u r th e rm o re
124.
any new s i t e s  c r e a t e d  a t  t h e  s u r f a c e  by 4, can be r e g a rd e d  
a s  p a s s i n g  im m e d ia te ly  t o  t h e  e q u i l i b r i u m  s t a t e  o f  3*
3• I n i t i a l  E f f i c i e n c y  Changes on Gu^O c o n s i d e r e d  a s  a
C a t a l y t i c  S u r f a c e  P r o c e s s .
(a)  C h a r a c t e r i s t i c s
The r e a c t i o n  mechanism d e s c r i b i n g  t h e  s u r f a c e  p r o c e s s  
must f u l f i l  t h e  c o n d i t i o n s  summarised h e r e
1. High 1^20^ r e g io n
( i )  an i n i t i a l  peak  e f f i c i e n c y  p r o p o r t i o n a l  t o
t h e  |%2^2
' ( i i )  a  r e l a t i v e l y  s lew  d e c l i n e  from  t h e  peak
e f f i c i e n c y  d u r i n g  which
-  d ( r a t  e o f  de comp os i  t  i  g Op ^  a t  t h e  peak
d t  L 2 4J
and
.J—  o <  t im e  n e a r  t h e  peak  where
r a t e
r e g e n e r a t i o n  i s  s t i l l  s m a l l .
( i i i )  a  minimum e f f i c i e n c y  g iv e n  by
k ’e f f i c i e n c y  = k + —
.p2°2]
2. low r e g i o n
An i n i t i a l  e f f i c i e n c y  p r o p o r t i o n a l  to  t h e  |HgO^ 
and w hich  rem a in s  a lm o s t  s t e a d y  d u r i n g  c o n t a c t
125
(b)
w i t h  HgOg.
P roposed  R e a c t io n  Mechanism
The p ro po sed  r e a c t i o n  mechanism p o s t u l a t e s  t h e  
e x i s t e n c e  o f  t h r e e  main p r o c e s s e s  which  a r e  a t  e q u i l i b r i u m  
when a s t e a d y  c a t a l y s i s  i s  re a c h e d  i . e .
( i )  minimum e f f i c i e n c y  i n  h ig h  zone
( i i )  i n i t i a l  e f f i c i e n c y  i n  lov/ zone 
The r e a c t i o n  mechanism i s
C a t a l y s i s  and 
Peak E f f i c i e n c y
? '
?2
HgO
+ ^2^2 -  HgO -f* 0,
(3)
(4)
D e c l in e ?2
?2
.  = ? 2 « '  H— 0 (5
°® (s )  *
Recovery
where and
H' 
? 2 ^ '
?2
HgO
a r e  s u r f a c e  a n c h o re d  r a d i c a l  i o n s  and
HO2 and ^H' a r e  r e g a r d e d  a s  s u r f a c e  h y d ro p e ro x id e  and 
h y d ro x id e  i o n s  r a t h e r  more " a c t i v e "  t h a n  norm al  h y d ro x id e  o r
h y d ro p e ro x id e  c r y s t a l  i o n s  would b e .
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As m en t ion ed  above t h e  mechanism i n v o l v e s  t h r e e  
p r o c e s s e s  v i z :
( i )  A d e c o m p o s i t io n  c y c le  r e s p o n s i b l e  f o r  t h e  i n i t i a l  
peak  e f f i c i e n c y  -  r e a c t i o n s  (5) and ( 4 ) .
( i i )  A p o i s o n i n g  r e a c t i o n  c a u s in g  t h e  slow d e c l i n e  i n  
e f f i c i e n c y  -  r e a c t i o n  ( 5 ) .
( i i i )  A r e g e n e r a t i o n  r e a c t i o n  r e - a c t i v a t i n g  t h e  p o iso n ed  
s i t e s  -  r e a c t i o n  ( 7 ) .
and r e a c t i o n  (6) i n v o l v i n g  t h e  e q u i l i b r i u m  between s u r f a c e  
an c h o red  OH' and HO  ^ i o n s  and S t u d i e s  on t h e  decom­
p o s i t i o n  o f  HpOp on a n io n  exchange r e s i n s  ( s ee  S e c t i o n  I I )
have  shown t h i s  e q u i l i b r i u m  t o  be  r a p i d  and l y i n g  w e l l  o v e r
“ HOpt o  t h e  HOT (K = —------- — = 665 f o r  t h e  r e s i n  where m r e f e r sc X
t o  t h e  f r a c t i o n  o f  t h e  s u r f a c e  cove red  by t h e  p a r t i c u l a r  
s p e c i e s  and £  i s  t h e  . )
I n  t h e  p r e s e n c e  o f  w a te r  t h e  s u r f a c e  i s  assumed t o  
c o n s i s t  o f  a  s m a l l  b u t  d e f i n i t e  c o n c e n t r a t i o n  o f  s u r f a c e  
an c h o red  r a d i c a l s ,  v i z :  O' and Op an  a s s u m p t io n  s u g g e s te d
by G arn er  and c o -w o rk e rs  from  r e s u l t s  on t h e  d ry  o x i d a t i o n  
o f  Ou and t h e  a d s o r p t i o n  o f  Op on Cu^O. The p r e s e n c e  o f  
O' on o x i d i s e d  Cu, Hi and Co has  r e c e n t l y  been  s u c c e s s f u l l y  
a p p l i e d  by Z e t t l e m o y e r ,  Yu, C h ess ick  and Healey^^® and Yu, 
C h e s s ic k  and Z e t t l e m o y e r ^ t o  e x p l a i n  t h e  o x i d a t i o n  and 
r e g e n e r a t i o n  o f  red uced  m e ta l  s u r f a c e s  a t  h ig h  end low
127.
t e m p e r a t u r e s .  The above w orkers  u sed  t h e  s t r o n g  f i e l d s  
f rom  t h e  a d so rb e d  O' t o  a c c o u n t  f o r  t h e  s t r o n g  p h y s i c a l  
a d s o r p t i o n  o f  oxygen on o x i d i s e d  sam ples  o f  Cu, Ni and Co. 
When HpOp comes i n  c o n t a c t  w i th  t h e  c a t a l y s t  s u r f a c e  
d e c o m p o s i t io n  a t  t h e s e  s i t e s  e v o lv e s  Op a t  a  h ig h  a c t i v i t y  
and i t  i s  p o s s i b l e  t h a t  t h e r e  i s  an im m ed ia te  p r o d u c t i o n  o f  
more c a t a l y s t  s i t e s  o f  s i m i l a r  n a t u r e .  The m easured i n i t i a l  
e f f i c i e n c y  would be due to  d e c o m p o s i t io n  o c c u r r i n g  on t h i s  
in d u ced  c o n c e n t r a t i o n  o f  a c t i v e  s i t e s .
P o t e n t i a l  m easurem ents  show t h a t  th e  change from  HpO 
t o  HpOp i s  accompanied by a r a p i d  i n c r e a s e  i n  p o t e n t i a l  
( F i g . 4 9 ) .  The r e l a t i o n s h i p  betw een  m^# and i . e .
t h e  s u r f a c e  f r a c t i o n  o f  t h e  s p e c i e s  O' and OH' r e s p e c t i v e l y  
w i l l  be r e f l e c t e d  i n  t h e  p o t e n t i a l  o f  t h e  s u r f a c e  and ,  w i th ­
o u t  d e c i d i n g  what r e a c t i o n  a c t u a l l y  c o n t r o l s  t h e  e l e c t r o d e  
r e a c t i o n ,  i t  i s  r e a s o n a b l e  t o  assume t h a t  t h e  e q u i l i b r i u m
^ ( s u r f a c e )  ^  ^2^ *«■ e ^ ^ ( s u r f a c e )  *** ( s o l u t i o n )
w i l l  h o ld .  The p o t e n t i a l  w i l l  t h e r e f o r e  be r e l a t e d  t o  m^, 
and m^y, by
e  =  e  -  2 1
^ F m^^
where  £  i s  p o s i t i v e  when t h e  e l e c t r o d e  i s  p o s i t i v e l y  
ch a rg ed  w i t h  r e s p e c t  t o  t h e  s o l u t i o n ,  and t h e  i n c r e a s e  i n  
a c t i v e  s i t e s  a s  demanded by t h e  r e a c t i o n  mechanism w i l l  be 
fo l l o w e d  by t h e  above e l e c t r o d e  r e a c t i o n .  Thus t h e r e  i s
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e v id e n c e  from an i n c r e a s e  i n  t h e  p o s i t i v e n e s s  o f  t h e  
e l e c t r o d e  f o r  an i n c r e a s e  i n  r e l a t i v e  t o  .
At a  c e r t a i n  t h e  p r o d u c t i o n  o f  a c t i v e  s i t e s
must r e a c h  a maximum d ep en d in g  a s  i t  do es  on a  t o t a l  a v a i l ­
a b l e  s u r f a c e .  Above t h i s  t h e  r a t i o  i s
c o n s t a n t  and t h e  p o t e n t i a l  u n d e r  such  c o n d i t i o n s  i s  g iv e n  by
e = e^ -  —  In  kfoH^O p  ^  --i
i . e .  an  -  i n d e p e n d e n t  e . m . f .  E xper im en t  v e r i f i e s
t h i s  ( P ig .  52) 0 .2 5  M H^Op b e in g  t h e  l i m i t i n g  c o n c e n t r a t i o n .
T h is  e f f e c t  i s  s i m i l a r  t o  t h a t  n o te d  by B o c k r i s  and TO ?O l d f i e l d  who d e r iv e d  t h e  e x p r e s s i o n
e = 0 .8 7  -  0 .0 5 9  pH
1
r* —I 'f o r  t h e  e . m . f .  o f  P t  and Au i n  t h e  ^ ^ 0 ^  ra n g e  5 M to  
10**  ^ M.
Below 0 .2 5  M HpOp t h e  e . m . f .  i s  d e p e n d en t  on [^pO^ . 
I f  i n  t h i s  ra n g e  m^, i s  p r o p o r t i o n a l  t o  t h e  j^pO ^  and 
®0H' be c o n s id e r e d  f i x e d ,  t h e  p o t e n t i a l  w i l l  be  p ro p o r ­
t i o n a l  to  l o g  [SpO^ a s  fo u n d ,  ( P i g . 5 2 ) .
As n o te d  i n  t h e  r e s u l t  s e c t i o n  s m a l l  e . m . f .  changes  
( a p p ro x im a te ly  0.1  v o l t s )  o c c u r r e d  d u r i n g  c a t a l y s i s .  These 
v a r i a t i o n s  were s i m i l a r  i n  form t o  t h e  e f f i c i e n c y  changes  
i . e .  a r a p i d  f a l l  f o l lo w e d  by a s lo w e r  r i s e .  A cco rd in g  to  
t h e  r e a c t i o n  mechanism t h e  r a t i o  c o n s id e r e d
l a r g e  even  a t  t h e  peak  r a t e .  I f  a  r e a s o n a b l e  f i g u r e  i s
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assumed f o r  t h i s  r a t i o  — say  100:1 — a  change t o  150:1 
c a u s e s  a d rop  i n  p o t e n t i a l  o f  0.01 v .  a s  g iv en  by
e  =  e  -  2 1  [ o H ' J
°  P
a t  a  g iv e n  [ p u j  . T h is  i s  o f  t h e  o r d e r  o f  t h e  e x p e r i m e n ta l  
swing i n  p o t e n t i a l  d u r i n g  c a t a l y s i s .
(c )  g L n e t i ^  i n t e r p r e t a t i o n  o f  P roposed  Mechani sm
I n i t i a l l y  c a t a l y s i s  i s  due s o l e l y  t o  t h e  r a p i d  c y c le  
(5) and (4) i . e .
R ate  = 2k^.niQ^ [^2 ^2
where a s  b e f o r e  i s  t h e  f r a c t i o n  of. t h e  s u r f a c e  co v e red2by t h e  d e s i g n a t e d  s p e c i e s .  T h is  shows a peak e f f i c i e n c y  
d e p e n d e n t  on t h e  j^pO^ a t  c o n s t a n t  which i s  t h e  c o n d i ­
t i o n  assumed p r e s e n t  d u r i n g  t h e  f i r s t  s t a g e  o f  c a t a l y s i s .  
Eicper im e n t  g i v e s  t h e  peak e f f i c i e n c y  a s
E f f i c i e n c y  = k* + k "
I n  t h i s  c o n c e n t r a t i o n  zone t h e  d e c l i n e  mechanism i s  r a p i d  
( i n c r e a s i n g  w i t h  HpOp ) and i t  i s  t o  be e x p e c ted  t h a t  t h e  
t r u e  i n i t i a l  e f f i c i e n c y  i s  r a p i d l y  p o i s o n e d .  A lthough  t h e  
e f f i c i e n c y  r e a d i n g s  a r e  t a k e n  30 seconds  a f t e r  t h e  change 
from  HgO t o  HgOg i t  i s  r e a s o n a b l e  to  e x p e c t  t h a t  t h e  d e c l i n e  
i s  w e l l  dev e lo p ed  and t h e  m easured  e f f i c i e n c y  l i e s  below t h e  
* t r u e  peak  v a l u e * .  S in ce  r e a d i n g s  a r e  t a k e n  a t  c o n s t a n t  
t im e  a f t e r  t h e  change to  t h e  m easured  peak  e f f i c i e n c y
150.
shows f i r s t  o r d e r  dependence on a s  would he e x p e c te d
Assuming s t e a d y  s t a t e  c o n d i t i o n s  a t  t h e  minimum 
e f f i c i e n c y  i . e .  when e q u i l i b r i u m  between  d e c l i n e  and 
r e g e n e r a t i o n  i s  a t t a i n e d ,  t h e  r e a c t i o n  scheme g iv e s
F o r s t a t i c “ 0^ ^4 + 2 rç “  ^5 (8)
1» »♦ “ o ' = ^4 + 2r^ (9)
tf ft “ HOg = ^7 +
i— 
^6 (10)
?î ft “ oH' + ^7 (11)
where r  s i g n i f i e s  t h e  r a t e  of  t h e  a p p r o p r i a t e  r e a c t i o n
Prom ( 10) + (11) ^7 ( 12)
Overall rate = ^3 + :'4 + ^  ^  " "^ 7
■ / •  ^ —> = r^ *?* ( s i n c e  r^ = r^ ana <—\ = ?&)
.°. Overall rate ^5“0' \^ 2 ^ 2  ^ ^ A ^ o '2 [®2°a] (13)
Prom (6) K “HOg (14)
“ OH'
Applying a Langmurian treatment to the surface species •
“ ho^ * “ OH* + mg, •+ m^^ = 1
and i f  i t  i s  assumed t h a t
t h e n  m^Q, ^  ^ (15)
From (14) and (15)
“ OH'
and
mHOI
From (12)
• ' •  (“ 0^)
1 +■ e:
K
1 +  K [ “ 2 “ 2]
^7 “ OH' • “ ho;
ky |j^2°2] .'
(1 + K j H g O j ^
k.
k. K (1 + k [H 2 0 ^ )
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(16)
(17)
where a
S u b s t i t u t i n g  i n  ( 13)
k? .K 1
N 1 + K [H„0[H2°2]
a
[ % ° 2 ]
kcj.K
NÎ
From (8) k^m^, jHgO^ = k ^ .a« k ° 2 ] 2 k c . a  I H g O g
1 + ^[HgOg] (1 +_E[H20^ ) I
O v e r a l l  r a t e  a t  s t e a d y  s t a t e  c o n d i t i o n s  ) 1 + E
k ^ g  [H2 O2 I  2 k ^ g 2 [h^O ^] ^ k ^ a  [Ë gO g]
[H gO g] (1  ^ K p g O g 1 + E H '2^2
[ V 2]"1 +  K
132-.
[” 2»2]1 + K ^ 4  ^
kçtt
1 + K [HgOg]
A p p ly in g  t h e  above i n t e r p r e t a t i o n  to  t h e  two c o n c e n t r a t i o n  
zo n e s  we have
1. m g b  {HgO^
( i )  I n i t i a l  c a t a l y s i s ,  due t o  r e a c t i o n s  (3) and (4) 
i s  g iv e n  by
2 niQ, HgOgp e a i  - f  w g  L
i . e .  e f f i c i e n c y  a t  t h e  %rue peak  i s  p r o p o r t i o n a l
to s i n c e  can be c o n s i d e r e d  c o n s t a n t .
( i i )  The d e c l i n e  from  t h e  peak  w i l l  be due t o  t h e  
f a l l - o f f  o f  0 '  (o r  O ' ) .
r  =s n  (k^ + k ^ )
l e t  hIq# —
= kn iRgOg
t h e n - d rd t k [Hg'
dn
'2l d t ( 20)
From (5)
- dn
d t k^n H^O? ( 21)
which w i l l  be q u i t e  t r u e  o n ly  n e a r  t h e  peak r a t e  
when r e c o v e r y  i s  y e t  a  n e g l i g i b l e  f a c t o r .
From (20) and (21)
- d r
d t k
2HgOpjc k^n^ [52^2
k k 5“ ’  Î5 2 ° 2 ] (2 2 )
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n e a r  t h e  peak .  At t h e  l i m i t i n g  v a l u e  o f
a t  t h e  peak
peak c K 2
h ig h  1^ *2' 2^
7’ VL im it
s i n c e  n  w i l l  he a c o n s t a n t  f o r  ^ IH^O 
any p o i s o n i n g  s e t s  i n .  , (To 'su p p o r t  t h i s  c la im  
r e f e r e n c e  may he made t o  t h e  c o n s ta n c y  o f  t h e  
e l e c t r o d e  p o t e n t i a l  r e s u l t s  a t  h ig h
( i i i )  Near t h e  peak r a t e
b e f o r e
l l s i
d t '  [H2O2]
k2 [H gO j
k, .2
( i v )  Assuming K
k 5 t  4 c o n s t a n t
» i n  t h i s [Bj O J
(2 3 )
zone t h e n
f o r  t h e  s t e a d y  s t a t e ,  e q u a t i o n  (19) g i v e s
2 .  [ h ^ o  J
O v e r a l l  R a te
k^a
where A = 2^4°E
■4 K IHgOg
r 2 ' - 2
2kcU
(2 5 )
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i . e . .  t h e  s t e a d y  s t a t e  e f f i c i e n c y  0 < 1 ( 26 )
Comparison o f  t h e  t h e o r e t i c a l  resuJLts o b t a i n e d  i n
( i i )  and ( i i i )  w i t h  t h e  e x p e r i m e n ta l  r e q u i r e m e n t s  
(p*124) shows t h a t  t h e  p roposed  mechanism f i t s  i n  w i t h  
t h e  e x p e r i m e n ta l  r e s u l t s  f o r  t h e  h ig h  zone .
Low .
I n  t h i s  c o n c e n t r a t i o n  r e g i o n  t h e  d e c l i n e  i s  n e g l i g i b l e  
and th e x p e a k  e f f i c i e n c y  and minimum, e f f i c i e n c y  a r e  
t h u s  synonymous.
Assuming K ^ 2^ 2] ^  1 i n  t h i s zone t h e n
from  e q u a t i o n  (19)
O v e r a l l  r a t e  )a t  s t e a d y  s t a t e  ) c o n d i t i o n s  ) ^2°2
^2®2
•4 + ^ 5 “ )= 2 a
= D .
= 2 a  (k^ + k^a)  
i . e .  t h e  s t e a d y  r a t e  i s ' d i r e c t l y  p r o p o r t i o n a l  to  
which  i s  o f  co u rse  an i m p o r t a n t  e x p e r i m e n ta l  r e s u l t
where D
(27)
®2®2
E v a l u a t i o n  o f  C o n s ta n t s  i n  th e  R ate  E q u a t io n s .
The i d e n t i f i c a t i o n  o f  t h e  assumed p l a u s i b l e  mechanism 
w i t h  t h e  e x p e r im e n ta l  r e s u l t s  l e a d s  t o  t h e  e v a l u a t i o n  o f  t h e  
r a t e  c o n s t a n t s . '  T h is  was done from e x p e r im e n ta l  d a t a  a t  
45°C.
From th e  minimum s t e a d y  s t a t e . -
t h e  r a t e  i s  g iv e n  by( i )  At low HgOg
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2 . k r j^  .Rate = --- '■— I  IHgOg y . V5
2 .k ^  . k.y* E* + 2.k.y K
i . e .  l i n e a r  w i th  jn^O^ w i t h  a s lo p e  g iv e n  by
2 . k .  . \Lr^ EE + 2 .k_ E
Prom F i g . 53 i . e .  t h e  e x p e r i m e n ta l  dependence o f  r a t e  on
[“2°:
Slope  = 1*9^0 p e r  mole p e r  l i t r e
Now 1 mole o f  l i b e r a t e s  25000 ' c a l o r i e s  when c o m p le te ly
decomposed. I n  t h e  e f f i c i e n c y  a p p a r a t u s  100 mis o f  H^O^ 
p a s s  p e r  m in u te .  I f  t h i s  c o n ta in e d  1 mole i t  r a i s e s  t h e  
t e m p e r a tu r e  by 250^0 when c o m p le te ly  decomposed. T h e r e f o r e  
1.9^G can be w r i t t e n  a s  m oles  p e r  m in u te  u n d e r  t h e230c o n d i t i o n s  o f  t h e  e x p e r im e n t  and
1 QSlope  = m oles  p e r  m in u te  p e r  l i t r e
230
1 .9  _ 21^ 4.• y 
250 ~ k T ^ 2 o • K ' (28)
( i i )  At h ig h  Fh^O^ t h e  r a t e  i s  (given hy
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R ate
2 .k ^ .k y ^
E ^ .k  *
2 •k c •k ^ •E
kç E‘
2 .k 7
HgOg
HgOg
i . e .  l i n e a r  w i t h  
2 .k „s lo p e  = and I n t e r c e p t  = 2k^ * k<^.
K E ^ .k^*
Prom P i g .  57 i . e .  R ate  = A -s- B
Slope  = B
and
I n t e r c e p t A
Prom (3 0 )
k.
K*
S u b s t i t u t i n g  i n  (3 1 )
250
0 .0 5
230
0 .3 5 5
230
0 .0 5
HgOg
2k.7
E
2k,^.k.yE
E^k^E
u
\  2 . 230!
2k 0 .0 3
2 . 230/
U
(5 0 )
(3 1 )
0 .3 3 5  
230 . 0 .0 1 4 2
S u b s t i t u t i n g  t h i s  v a l u e  o f  “ 4 i n
k.
0 .0 7 4
1 .9
230 2 . 0 .0 7 4 E®‘ 4- 2k„K
1 3 7 .
2k., . 230
A l s o  f r o m  ( 3 0 ) K =  — ---------------
0 .0 5
i i i  = 2 . 0 .0 7 4  . k „^  * .+  2^7, • ^^7 • 2^0
250 '  ^ \ 0 . 0 5  /  0 .0 5
920 + 6 ,93  k^ -  0 .00415 = 0
from which ky = 5-5  . 10""^ (52 )
S u b s t i t u t i n g  f o r  ky i n  (30)
K = 5.012 (35)
T h e r e f o r e  from t h e  above t r e a t m e n t  t h e  f o l l o w i n g  r e l a t i o n ­
s h i p s  a r e  o b t a i n e d
k„ = 5 .5  . 10"^
K = 5 .01 2
0 .0 7 4
I n  o r d e r  t o  s e p a r a t e  k^ from  k^ d a t a  i s  r e q u i r e d
f rom  t h e  n o n - s t a t i o n a r y  s t a t e  p h ase .  The s lo p e  o f  t h e
— / t i m e  l i n e  f o r  t h e  d e c l i n e  from t h e  peak (P ig .  56) g;3.ves
Ç— r n ; ”** i ' ® '  f rom  e q u a t i o n  ( 23) > a f t e r  making t h e  a s su m p t io n^3 *■ ^4
t h a t  m^^ = m^ ,^ w hich  i s  o f  c o u r se  by no means j u s t i f i e d .  
However w i th  t h e  same a s su m p t io n  t h e  r a t e  a t  any p o i n t  can 
be p u t  i n  t h e  fo rm
r  =  m ^ . [H g O g ]  ( k ^  + k ^ )  ( 2 0 )
2
T h is  e q u a t i o n  t o g e t h e r  w i t h  t h e  s lo p e  f rom  e q u a t i o n  (23)
1)8 .
l e a d s  t o  an  e v a l u a t i o n  o f  and k^ s e p a r a t e l y  i f
ïïLq , can be assumed. To make an  a s su m p t io n  h e r e  t a k e s  t h e  
work i n t o  t h e  re a lm  o f  c o n j e c t u r e . I n  f a c t  i t  must be 
s t a t e d  t h a t  t h e r e  i s  a m a jo r  weakness  i n  t h e  t r e a t m e n t  
a l r e a d y  c a r r i e d  t h r o u g h  i n  t h e  a s s u m p t io n  o f  e q u a t i o n  (15)»
An a t t e m p t  t o  ap p ly  a more r i g o r o u s  t r e a t m e n t  t o  t h e  
n o n - s t a t i o n a r y  s t a t e  so a s  t o  make use  o f  e q u a t i o n  (23 ) 
r i g h t  up to  t h e  i n t e r m e d i a t e  s t e a d y  r a t e  met w i th  no s u c c e s s .  
I n  t h i s  t h e  ap p ro ach  was t o  s e t  up f o u r  n o n - l i n e a r  s im u l ­
t a n e o u s  d i f f e r e n t i a l  e q u a t i o n s  c o n t r o l l i n g  t h e  r a t e  o f  
a p p e a ra n c e  o f  t h e  s u r f a c e  s p e c i e s  0^ Og, OH' and OgH' w i t h  
t h e  e x t r a  e q u a t i o n
“o' “ Og “ oh '  “OgH' ■ ^
No s i m p l i f y i n g  a s s u m p t io n s  cou ld  be made i n  t h e  n o n - s t e a d y  
s t a t e  so t h a t  a  s o l u t i o n  o f  t h e  f u l l  s e t  o f  e q u a t i o n s  had t o  
be  a t t e m p t e d .  T h is  proved  to o  d i f f i c u l t  w i th o u t  g r e a t  
e l a b o r a t i o n  o r  m e c h a n ic a l  a i d  which  t h e  n a t u r e  o f  t h e  r e s u l t s  
d id  n o t  seem to  j u s t i f y .
e .  D i s c u s s i o n  o f  P roposed  Mechanism.
As o u t l i n e d  above t h e  i n i t i a l  e f f i c i e n c y  r e p r e s e n t e d  
by r e a c t i o n s  (3) and (4) assumes t h a t  s i n c e  t h e  r a d i c a l  i o n  
s u r f a c e  a c t i v i t i e s  a r e  a lw ays  s m a l l ,  a  v e r y  r a p i d  c y c le  
t a k e s  p l a c e .
A cc o rd in g  t o  t h e  work o f  G a m e r  and co -w o rk e rs  t h e
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o c c u p a n ts  o f  t h e s e  s i t e s  i . e .  O' and 0^ a r e  a lw ays  p r e s e n t  
i n  s m a l l  amounts on CUgO. P o t e n t i a l  r e s u l t s  s u g g e s t  a  r a p i d  
i n c r e a s e  i n  t h e  s i t e s  on f i r s t  c o n t a c t  w i th  HgOg. Below
0 .2 5  M HgOg t h e  c o n c e n t r a t i o n  of  t h e  a c t i v e  s i t e s  i s  p ro po r-*  
t i o n a l  t o  j^^O ^ h u t  above 0 .2 5  M a maximum v a l u e  i s  o b t a i n e d
HgO^ d ep e n d en t  belowT h is  a g r e e s  w i t h  an e . m . f .  which i s
0 .2 5  M.
The dependence  o f  t h e  d e c l i n e  o f  e f f i c i e n c y  on 
r e q u i r e s  HpOg a s  t h e  p o i s o n i n g  s p e c i e s .  H^O i s  a lw ays  
p r e s e n t  i n  l a r g e  e x c e s s  and p o s s i b l e  p o i s o n i n g  s t e p s  v i z  ;
O' OK'I + H.O = I (34)
♦ H„0 -  ( Î 5 )
Î2 ' - '
can be e x c lu d e d .
P o i s o n in g  s t e p s  i n v o l v i n g  s i n g l e  s i t e  d e s t r u c t i o n  v i z s
I 4- OH
o r
j+ = O^H' + HOg (37)<i>2 + HgOg =
o r  Ô' + HgOg = C^ H' + HO 2 (38)
a r e  c o n s id e r e d  u n l i k e l y  b ec au se  o f  t h e  p r o d u c t i o n  o f  s o l u t i o n
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phase  f r e e  r a d i c a l s .
T w o -s i t e  p o i s o n i n g  can  be a c co m p lish ed  th r o u g h  many 
p o s s i b l e  r o u t e s  a l l  e s s e n t i a l l y  t h e  same k i n e t i c a l l y .  They 
a r e : -
Ï  .  " ~ fO' H----- 0 0 , (39)
H 0
H-
OgH' 0, (40)
I
H 0
H 0
OH'
OH' 20. (41)
H 0
(j)' H-----0
.pH' 0 , (42)
H 0
92%'
?2%'
(43)
e a c h  i n v o l v i n g  s im p le  a t e r i c  r e a r r a n g e m e n t s .  ( 3 9 ) ,  (4 0 ) ,  
(41) and (42) a r e  p r e f e r r e d  t o  (43) s i n c e  a  p o i s o n i n g  s t e p  
i n v o l v i n g  t h e  l i b e r a t i o n  o f  Op seems e n e r g e t i c a l l y  more 
f a v o u r a b l e .  Of t h e  r e a c t i o n s  (5 9 ) ,  ( 4 0 ) ,  (41) and (4 2 ) ,  
(40) a lo n e  i s  i n c l u d e d  i n  t h e  r e a c t i o n  scheme a l t h o u g h  
and (42) co u ld  e q u a l l y  be u s e d .  (41) seems s t e r i c a l l y  a
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l i t t l e  l e s s  l i k e l y .  R e a c t io n s  (3 9 ) ,  (41) and (42) each  
i n v o l v e s  t h e  p r o d u c t i o n  o f  a s u r f a c e  OH' which a c c o r d in g  
to  t h e  e q u i l i h r i i u n  r e a c t i o n
OH' + HgOg ^  OgH' *1* HgO
i s  q u ic k ly  b r o u g h t  t o  e q u i l i b r i u m  w i t h  s u r f a c e  HOg so t h a t  
(40) can be r e g a rd e d  a s  a  summary p r o c e s s  o f  t h e  p o s s i b l e  
a l t e r n a t i v e s .
With r e g a r d  to  t h e  r e c o v e ry  e q u a t i o n  (7) i s  r e g a r d e d  
a s  t h e  s o l e  c o n t r i b u t o r  to  r e g e n e r a t i o n .
A f e a t u r e  o f  t h e  mechanism i s  t h e  p o s t u l a t i o n  o f  an 
i n t e r m e d i a t e  p e r o x id e  i . e .  HO^- Compounds o f  t h i s  t y p e  a r e  
a l r e a d y  w e l l  e s t a b l i s h e d  and t h e i r  e x i s t e n c e  h as  been  u sed  
on many o c c a s i o n s  a s  a r e a c t i v e  i n t e r m e d i a t e  i n  HgOg r e a c ­
t i o n s .  A l a r g e  number o f  i n o r g a n i c  d e r i v a t i v e s  o f  H^Og a r e  
known i n c l u d i n g  t h e  p e r o x id e s  which c o n t a i n  0,, i n  t h e  s o -  
c a l l e d  a c t i v e  s t a t e .  When HgOg a c t s  a s  an o x i d i s i n g  a g e n t  
on i n o r g a n i c  compounds d i s s o l v e d  i n  w a te r^ ^ ^  one o f  t h r e e  
r e a c t i o n s  i s  p o s s i b l e  i . e .  ( i )  a  change i n  v a l e n c y ,  ( i i )  
f o r m a t i o n  o f  an a d d i t i o n  compound by d i p o l e - d i p o l e  i n t e r ­
a c t i o n  i n  which  no change o f  v a l e n c y  o c c u r s  ( i i i )  f o r m a t i o n  
o f  - 0 - 0 -  bond w i t h  no change i n  v a l e n c y .  The f o r m a t i o n  o f  
per-com pounds c o n t a i n i n g  t h e  0 -0  bond i s  c o n f in e d  to  e a s e s  
( i i )  and ( i i i )  where no change i n  v a le n c y  o c c u r s  and i t  h a s  
been  shown t h a t  where an  e lem en t  p o s s e s s e s  s e v e r a l  v a l e n c i e s  
t h e  f o r m a t i o n  o f  such  a  compound does n o t  t a k e  p l a c e  u n t i l
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a f t e r  t h e  t r a n s i t i o n  o f  t h e  e lem en t  to  i t s  h i g h e s t  v a l e n c y  
s t a t e *
X -ray  and d i f f r a c t i o n  s t u d i e s  have g iv en  t h e  0 -0o oi n t e r a t o m i c  d i s t a n c e  i n  as  1 .49  A +_ 0.01 A . The
change i n  c h a r a c t e r  o f  t h e  - 0 - 0 -  group caused  by c o n v e r s i o n  
t o  a  p e r o x id e  has  been  shown to  i n v o l v e  a d e g re e  o f  i o n i s a ­
t i o n  produced  by v a r i a t i o n s  i n  t h e  r e l a t i v e  e l e c t r o n e g a t i v i t y  
o f  t h e  g rou ps  f l a n k i n g  t h e - 0 - 0 -  group r a t h e r  t h a n  an a l t e r a ­
t i o n  i n  t h e  c h a r a c t e r  o f  t h e  bond be tw een  t h e  oxygen a tom s.
H o l lan d  and Gee^^^ n o te d  t h a t  t h e  s t r e n g t h  o f  t h e  0 -0  
bond and t h e r e f o r e  t h e  s t a b i l i t y  o f  any compound c o n t a i n i n g  
t h i s  group v a r i e d  a c c o r d in g  to  t h e  l o c a t i o n  o f  t h e  g ro u p .  
F o l lo w in g  t h i s  o b s e r v a t i o n  Wslsh^^^ e x p la in e d  t h e  r e l a t i v e  
i n s t a b i l i t y  o f  p e r o x i d e s  a s  due to  t h e  p r o x im i ty  o f  t h e  two 
s t r o n g l y  e l e c t r o n e g a t i v e  oxygen atoms c a u s in g  an i n s u f f i ­
c ie n c y  o f  bond ing  e l e c t r o n s  i n  t h e  p e ro x id e  l i n k .  The 
v a l u a t i o n s  i n  bond s t r e n g t h  a s  n o te d  above can t h e r e f o r e  be 
u n d e r s to o d  i n  te rm s  o f  ch a rg e  t r a n s f e r  from t h e  bonded group  
to  t h e  oxygen atoms i . e .  t h e  g r e a t e r  t h e  t r a n s f e r  o f  n e g a t i v e  
c h a rg e  t o  t h e  oxygen atoms t h e  g r e a t e r  t h e  0 -0  bond s t r e n g t h .
H a i s s i n s k y ^ ^ ^ , who a r r i v e d  a t  s i m i l a r  c o n c l u s i o n s ,  
showed t h a t  t h e  f o r m a t i o n  o f  a  compound o f  t h e  fo im  M e-0-0-  
r e q u i r e d  t h a t  t h e  e l e c t r o n e g a t i v i t y  o f  t h e  Me c o n s t i t u e n t  
s h o u ld  be s m a l l e r  t h a n  o r  a t  t h e  most e q u a l  t o 2. 1 i . e .
t h e  r e a c t i o n
Me—0— + H—0—0—H — Me—0—0— HgO
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r e q u i r e s  t h a t  where x i s  t h e  e l e c t r o ­
n e g a t i v i t y  and hydrogen  has  a v a l u e  o f  2.1 .
A p e r o x id e  i n t e r m e d i a t e  h as  been  p roposed  by 
G la s n e r^ ^ ^  f o r  t h e  homogeneous d e c o m p o s i t io n  o f  by
d i s s o l v e d  Cu^^. The brown p e r o x id e  which was k e p t  i n  s o l u ­
t i o n  w i th  sodium c i t r a t e  was g iv e n  t h e  s t r u c t u r e  CuO.OgE, 
formed by th e  s im p le  a d d i t i o n  o f  an HO  ^ r a d i c a l  to  t h e  Cu(0ïï)2 
G l a s n e r ’ s p ro po sed  mechanism i s
( C i t .  CuOH)*** + HO,p = ( G i t .  CuOg)* * * + E^O (44)
1. ?..
( C i t .  CuOg)* * * = ( C i t .  O u)* *' + Og (45)
3»
( C i t .  eu)* * * + HgOp = ( C i t .  CuOH)*'* + OH (45)
r a p i d  ^
R e a c t i o n . (44) depends  on t h e  a s su m p t io n  t h a t  i n  a l l  HgOg 
s o l u t i o n s  t h e  f o l l o w i n g  e q u i l i b r i a  e x i s t
HgOg ^  2 0 H  ( 4 7 )
OK -t* HgOg ^  HOg f HgO (48)
Compound 2. i . e .  Cu'*"*"02 s u b s e q u e n t l y  decomposes g i v i n g  
Cu*** and l i b e r a t i n g  Og. S te p  (45) i n v o l v e s  t h e  a d d i t i o n  o f  
an OH r a d i c a l  w hich  assumes t h e  n e g a t i v e  ch a rg e  o b t a i n e d  
by t h e  Cu^^ i n  s t e p  (4 5 ) .
A l though  t h i s  scheme e x p l a i n s  t h e  e x p e r i m e n ta l
r e s u l t s  t h e  mechanism, d ep end ing  a s  i t  does on t h e  e x i s t e n c e  
i n  s o l u t i o n  o f  t h e  r a d i c a l s  OH and HOg, a p p e a r s  u n l i k e l y .  
The p roposed  s t r u c t u r e  f o r  t h e  i n t e r m e d i a t e  p e r o x id e  i . e .
+ +Cu does  however f i t  i n  w i th  t h e  Cu^O/HoOo mechanismHO  ^ 2 ^ 2 2
s i n c e  t h e  o x id e  s u r f a c e  i s  c o n s id e r e d  co v e red  hy t h e  s p e c i e s  
O' and HOg. I n  t h i s  c o n n e c t io n  a  d a rk  g re en  compound was 
p r e p a r e d  hy t h e  a d d i t i o n  o f  HgOg to  f r e s h l y  p r e c i p i t a t e d  
Cu(OH)g. The compound which was formed and f i l t e r e d  a t  0^0 
was found  t o  he a p e ro x id e  and a n a l y s i s  i n d i c a t e d  t h e  p r o p o r ­
t i o n s  CuOg T h is  r e s u l t  cou ld  he accommodated by an
e q u im o la r  m ix tu r e  o f  t h e  G la sn e r  compound Cu and
OH't h e  h y d ro x id e  Cu i . e .  CuOg ? b u t  s i n c e  50^ o fOH
t h e  t o t a l  Og i s  evo lved  on g e n t l e  h e a t i n g ,  a  compound o f  
t h e  form
Cu q?  • -^HgO g o in g  on h e a t i n g  t o  Cu(OH)g + &0g 
seems more l i k e l y .
A lthough  t h e s e  r e s u l t s  r e q u i r e  f u r t h e r  d e t a i l e d  
i n v e s t i g a t i o n  t h e  r e s u l t s  s u b s t a n t i a t e  t h e  s u g g e s t i o n  t h a t  
a  r e l a t i v e l y  s t a b l e  compound i s  formed w i t h  e i t h e r  OgH' 
o r  O' o r  even Og.
A p e r o x id e  ty p e  i n t e r m e d i a t e  has  a l s o  been  p roposed  
by Wang^1 5 ,1 1 6 ,1 1 7  e x p l a i n  t h e  d e c o m p o s i t io n  o f  HgOg on 
model enzyme c a t a l y s t s .  I n  a d d i t i o n  to  t h e  p o s t u l a t i o n  o f  
t h i s  i n t e r m e d i a t e  s e v e r a l  p o i n t s  a r i s e  f rom  t h i s  s e r i e s  o f
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p a p e r s  which a r e  r e l e v a n t  to  a d i s c u s s i o n  o f  t h e  CUgO/HgOg 
mechanism p ro po sed  above .
S in ce  t h e  s t r u c t u r e  o f  enzymes ( t h e  most a c t i v e  
c a t a l y s t s  f o r  HgOg d e c o m p o s i t io n )  i s  r e l a t i v e l y  unknown,
Wang i n v e s t i g a t e d  t h e  d e c o m p o s i t io n  o f  HgOg on s m a l l  model 
m o le c u le s  w i th  c a t a l a s e - l i k e  a c t i v i t y  i n  an a t t e m p t  t o  s e c u r e  
some an a lo g y  w i th  HgOg/enzyme r e a c t i o n s .  The m ost  s u c c e s s ­
f u l  model was formed from t r i e t h y l e n e t e t r a m i n e
(TETA) HgHCHgCHgmOHgCHgNHOHgOHgNHg and i .e . (T E T A )  PeCOH)^
i n  which t h e  p r im ary  amine n i t r o g e n  atoms a r e  s i t u a t e d  above 
and below t h e  p la n e  d e te rm in e d  by t h e  two s e c o n d a ry  amine H
atoms and t h e  Pe + + + atom.
The p ro p o sed  mechanism which in v o lv e d  t h e  m e t a t h e t i c a l  
d i s p l a c e m e n t  o f  a  bound OH' by a  HOO' fo l lo w e d  by a second  
d i s p l a c e m e n t  i n  which t h e  o t h e r  OH' was r e p l a c e d  by an 0 
atom o f  t h e  added COE' i s  a s  f o l l o w s
Pe.
2
/N
OOH'
Pe
I I I
OH
OH
HOp
-------
OH
0
++
, f a s tM------—
OH
OOH
lA
Pe
OH
0
I I
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+ OH'
+ OH'
S e v e r a l  f e a t u r e s  o f  t h i s  mechani.sm a r e  i n  ag reem en t  w i th  
c e r t a i n  p o s t u l a t e s  c o n ta in e d  i n  t h e  CUgO/HgOg mechanism
d e t a i l e d  above i . e
.181, The use  o f  doub ly  0 -  l a b e l l e d  HgOg showed unambigu­
o u s ly  t h a t  t h e  Og evo lved  from  t h e  d e c o m p o s i t io n  o f  
HgOg by (TETA) Pe(OH)g p c a t a l a s e , t r i s - ( B -a m ln o e th y l ) -  
am ine-Pe^^^  and Pe(OH)j o r i g i n a t e d  from t h e  same HpOg 
m o le c u le  i . e .  Og e v o l u t i o n  was l i n k e d  w i t h  i n t a c t  0 -0  
b onds .  S tep  I I I  t o  _I_ t a k e s  t h e  fo rm  t h e r e f o r e  o f  
OH
Pe
r a t h e r  t h a n
0 h : 0 :0: y Pe
OH
Pe
0 :o :o : h
Pe
OH
OH
OH
OH
0,
0, (50)
I n  t h e  p rop o sed  mechanism f o r  t h e  GUgO/HgOg r e a c t i o n
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Og i s  ev o lv ed  a c c o r d i n g  t o
j g  + HgOg =  (j)' + HgO Og
T h is  seems s t e r i c a l l y  most p r o b a b le  t o  p roceed  by
•> O' i- HgO '2
Hf-O
which does n o t  i n v o l v e  r u p t u r e  o f  t h e  0 -0  bond.
2. V a r i a t i o n  o f  t h e  l i g a n d  shoved ( i n  o r d e r  o f  d e c r e a s i n g
e f f i c i e n c y  f o r  H.^Og d é c o m p o s i t io n )  t e t r a e t h y l e n e t e t r a m i n e  
)> d i e t h y l t r i a m i l n e  )> e t h y l e n e  d iam ine  w i th  t e t r a e t h y l -  
enepen tam ine  p r a c t i c a l l y  i n e r t .  Wang e x p l a i n s  t h i s  by 
t h e  n e c e s s i t y  o f  h av in g  a d j a c e n t  s i t e s  f o r  t h e  f o r m a t io n  
o f  t h e  a c t i v e  complex i . e .  s t e p s
l a I I I
I n  t h e  above mechanism f o r  t h e  OUgO/HgOg r e a c t i o n  a  tw o-  
s i t e  p o i s o n i n g  s t e p  i s  a l s o  c o n s i d e r e d  n e c e s s a r y  and a  
p o s s i b l e  s i t e  c r e a t i o n  s t e p
OH' 0 -----H
H ■5- 2HgO (5 1 )
s a t i s f i e s  e . m . f .  d a t a  and t w o - s i t e  r e q u i r e m e n t s .
5* The p r o d u c t i o n  o f  compound I I I  when w r i t t e n  a s  
OOH'
----- ^ —> X)' '
1i s  n o t  d i s s i m i l a r  t o  t h e  r e c o v e r y  s t e p  i n  t h e  CUgO/HgOg 
mechanism i . e .
I ' + HgO
( f )  R e je c te d  R e a c t io n  Schemes<
I n  a r r i v i n g  a t  t h e  CUgO/H^jOg r e a c t i o n  mechanism 
s e v e r a l  a l t e r n a t i v e  schemes were e x p lo r e d  and r e j e c t e d .
Many s u r f a c e  r e a c t i o n s  may be e x p l a i n e d  k i n e t i c a l l y  
on t h e  b a s i s  o f  t h e  s i m p l e s t  a d s o r p t i o n  law i . e .  t h e  
Langm uir-H inshelwood t r e a t m e n t  which assumes t h a t  a d s o r p t i o n  
t a k e s  p l a c e  on an e n e r g e t i c a l l y  u n i fo rm  s u r f a c e .  A cco rd ing  
t o  t h i s  t r e a t m e n t  t h e  r a t e  o f  c h e m is o r p t io n  i s  g iv e n  by
- dc
d t k c ( l  -  O) -  k*G (52)
where = r a t e  o f  a d s o r p t i o nd t
c = ( j a d s o r b a t ^
0 = f r a c t i o n  o f  s u r f a c e  covered  by
a d s o r b a t e
1 - 0  = f r a c t i o n  o f  s u r f a c e  b a r e .
4 4 Q 4 4 QT a y lo r  f o l l o w i n g  work by Pease  ^ and c a l o r i m e t r i c  
s t u d i e s  by G a r n e r ^ a n d  T a y l o r ^ s h o w e d  t h a t  t h e  h e a t s  o f  
a d s o r p t i o n  o f  g a s e s  v a r i e d  w i t h  t h e  s u r f a c e  c o v e re d .  T h is  
he i n t e r p r e t e d  a s  due t o  a h e te r o g e n e o u s  s u r f a c e  on w hich
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adsorption first took place on sites involving favourable 
energetics followed as adsorption continued by those sites
having greater heats of chemisorption and activation
1 2 ?energies. On this basis Temkin and Pyzhev derived 
another adsorption rate expression on the assumption that the 
heat of chemisorption and the activation energy varied 
linearly with the surface covered i.e.
= k.c.e"-"^ - k*e^^ (53)dt
where , c , 0 and (1 - 0 ) are as above and a = B = 1dt
Many reactions can be explained by a third adsorption 
law known as the Power Rate Law derived originally by 
Kwan^^5 for the chemisorption of Ng on promoted iron 
catalysts, i.e.
= k.o.0~^ - k*0^ (54)dt
where , c , 0 , a and Q are as above,dt
For adsorption far removed from equilibrium the three 
laws can be expressed as:-
-As = k.c. (1 - Q ) (52a)dt
-A s  = k.c.e"'^^ (55a)dt
-As. = k.c.©-‘" (dt
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In  t h e  CUgO/HgOg mechanism t h e  p o i s o n in g  s t e p  (5) 
r e s p o n s i b l e  f o r  t h e  d e c l i n e  i n  r a t e  may be r e g a rd e d  as  
c o n t r o l l e d  by a d s o r p t i o n  o f  HgOg on t h e  c a t a l y s t  s u r f a c e .  
T h is  assumes t h a t  t h e  r a t e  a t  any t im e  t  , r ^  , i s  p ro p o r ­
t i o n a l  t o  t h e  f r a c t i o n  o f  t h e  a c t i v e  s u r f a c e  u n c o v e re d ,  i . e .
^ t k.j.(1 — 0)
when G = 0
^ t = ^ t =
f t k ^ d -  e )
^ i ^ t
f t
^ i
where r^  i s  t h e  t e m p e r a tu r e  d i f f e r e n c e  a t  t im e  t
and r^  i s  t h e  t e m p e r a tu r e  d i f f e r e n c e  a t  t im e  0
S in ce  r ^  i s  c o n s t a n t
0  CX
i . e .  t h e  f r a c t i o n  covered  i s  p r o p o r t i o n a l  t o  t h e  t e m p e r a t u r e  
d i f f e r e n c e  a t  t h a t  p o i n t .
The v a l i d i t y  o f  each  a d s o r p t i o n  r a t e  law a s  a p p l i e d  to
t h e  p r e s e n t  c a se  i s  d e te rm in ed  by p l o t t i n g  th e  r a t e  o f  f a l l
o f  t h e  r a t e  i . e .  a g a i n s t  t h e  co v e rag e  i . e .  0  . I nd t
t h e  c a s e  o f  t h e  Langm uir-H inshelw ood t r e a t m e n t  —  I sd t
p l o t t e d  a g a i n s t  (1 -  Q ) .  F o r  t h e  Temkin o r  E lo v ic h  i s o t h e r m
l o g  w  i s  p l o t t e d  a g a i n s t  «  and f o r  t h e  Power R ate  Law d t
l o g  ^  i s  p l o t t e d  a g a i n s t  l o g  0
151.
S ince  Q i n v o l v e s  t h e  f r a c t i o n  o f  t h e  s u r f a c e  covered  
i t  i s  p o s s i b l e  t o  t e s t  t h e  v a l i d i t y  o f  t h e  Langmuir o r  
E lo v ic h  a d s o r p t i o n  laws b u t  t h e  Power Rate  Law i n v o l v i n g  
l o g  Q canno t  be t e s t e d .
The v a l i d i t y  o f  t h e  E lo v ic h  and Langmuir a d s o r p t i o n
law s  were t e s t e d  u s i n g  e x p e r im e n ta l  r a t e  c u rv e s  ( F i g . 59)-
1 1 2 4 .As em phasised  by Temkin and B runaur  t h e  E lo v ic h
i s o t h e r m  was fo un d  t o  a p p ly  o n ly  t o  t h e  m idd le  co v e rag e  zone
and s i n c e  t h e  s i m p le r  L angm uir ian  t r e a t m e n t  h e ld  o v e r  t h e
whole cov e rag e  ra n g e  t h i s  i s o t h e r m  was assumed t o  g o v e in  t h e
r a t e  o f  a d s o r p t i o n .  The s u c c e s s  o f  t h e  f i n a l  mechanism
w hich y i e l d e d  to  a L angm uir ian  t r e a t m e n t  su p p o r te d  t h i s
c o n c lu s i o n .  As a r e s u l t  o n ly  t h e  L an g m u ir ian  t r e a t m e n t  o f
t h e  r e j e c t e d  r e a c t i o n  schemes a r e  d e t a i l e d  below .
1. C a t a l y s i s  t h r o u g h  t h e  f o r m a t i o n  and d e c o m p o s i t io n  o f  a  
h y d r o p e r o x i d a t e  o
The s i m p l e s t  c a t a l y t i c  c y c le  i s  g iv e n  by
C + HpOg = O.HgOg ( 5 5 )
C.HgOg = 0 + p r o d u c t  (56)
(where C i s  t h e  c a t a l y s t )  i n  which  an i n t e r m e d i a t e  
s u r f a c e  h y d r o p e r o x i d a t e  fo rm s and decomposes.  A p p l i c a t i o n  
o f  such  a s im p le  model t o  t h e  e x p e r im e n ta l  r e s u l t s  I s  
u n s a t i s f a c t o r y  a s  i t  f a i l s  t o  g iv e  s u c c e s s f u l l y  t h e  
dependence on , i . e .
X ■ E lo v ic h  A osorp  I s o t h e r m  O : LAn&MUH?
LhzOzJ ■ 15 M pH - 4  5
yCL = 0 001
T = 4 5 ^ C
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F i g  6 0  S h o w i n g  T h e . A d h e r e n c e  Op  T h e  F i n a l  R e c o v e r y  I n  O u z O^/Nz O z  
To T h e  F o r m  O f A S v m m e t r i c a ^u  S i g m o i d
1 5 2 .
a t  h ig h  : Rate  = i . e .  HgOg in d e p e n d e n t
a t  low 1^2^^ :R a te  = k^^j^cj i . e . p r o p o r t i o n a l  to
I n  a d d i t i o n  t h e  scheme f a i l s  t o  p r o v id e  any mechanism f o r  
t h e  d e c l i n e  i n  e f f i c i e n c y .
2. C a t a l y s i s  s o l e l y  i n v o l v i n g  i o n i c  s p e c i e s .
I n  t h e  p r e s e n t  i n v e s t i g a t i o n s  t h e  c a t a l y s t  was a l lo w ed  
to  rem ain  i n  c o n t a c t  w i t h  H^O between  t e s t s .  The f o r m a t i o n  
o f  s u r f a c e  OH' i o n s  i s  t h e r e f o r e  a lm o s t  c e r t a i n  and two 
r e a c t i o n s  i n v o l v i n g  OH' and HpOg must be c o n s i d e r e d ,  v i z  ;
( i )  I f  OH' i s  t h e  p redom inan t  s u r f a c e  s p e c i e s  t h e  
e q u i l i b r i u m  r e a c t i o n
OH' + HgOg ^  + HgO (6 )
which f a v o u r s  HOg w i l l  p roduce  a c o n s i d e r a b l e
c o n c e n t r a t i o n  o f  HO  ^ which  can t h e n  r e a c t  a c c o r d i n g  
to
I IOOH' OH'
I  > + Op (57)OOH' pH'
R e a c t io n s  (6) and (57) p ro d u c e  a  c a t a l y t i c  c y c l e  w i t h  
an  e q u i l i b r i u m  r a t e  g iv e n  by
‘ 5 Î  4  [” 2 ° 2 ]^R ate  = ----------------------------
. Kg [HgOj 2
T h is  g iv e s  z e ro  o r d e r  a t  h ig h  jHgO^ and 2nd o r d e r
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a t  low 1^2^ j  ' As i n  1. such  a c y c le  does  n o t  a g re e  
w i th  e x p e r i m e n ta l  o b s e r v a t i o n s . I n  a d d i t i o n  
r e a c t i o n  (57) i s  s t e r i c a l l y  awkward i n v o l v i n g  t h e  
r u p t u r e  o f  t h e  0 -0  bond f o r  Og e v o l u t i o n .
( i i )  As an a l t e r n a t i v e  t o  (57) t h e  r e a c t i o n
(|)0H' + H— (j) = (|)H' + HgO + Og (58)
could  be combined w i th  (6) t o  g iv e  a p o s s i b l e  c y c l e ,  
(58) once a g a in  i n v o l v e s  a complex r e a r r a n g e m e n t  
which would be  l e s s  l i k e l y  t h a n  a s t e p  o f  t h e  t y p e
H'
4" HpO(|)0H^ : ^
and th e  c y c l e  does n o t  g iv e  t h e  e x p e r i m e n ta l  depend­
ence on Ogj i . e .  a t  e q u i l i b r i u m
1 + K 6 p 2 ° 2 ]
which g i v e s  2nd o r d e r  a t  low jHgO^ and 1 s t  o r d e r  
a t  h ig h  jHgO^ .
3 o C a t a l y s i s  i n v o l v i n g  s i n g l e  s i t e  p o i s o n i n g .
B e s id e s  f a i l i n g  to  g iv e  t h e  c o r r e c t  k i n e t i c  r e s u l t  
t h e  main weakness i n  mechanisms 1 and 2 above i s  t h e  
a b se n c e  o f  a p o s s i b l e  r a t e  d e c l i n e  s t e p .
As a l r e a d y  s t a t e d  d e c l i n e  i s  l i n k e d  t o  HgOp so t h a t
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t h e  s i m p l e s t  e x p l a n a t i o n  f o r  t h e  d e c l i n e  i n v o l v e s  s i n g l e  s i t e  
p o i s o n i n g  by H.Op • S e v e r a l  such  s t e p s  a r e  p o s s i b l e ,  v i z ;
H' + HOg (59)O' + HgOg = (j)l
T2 "  <j)n' + OH + Og (60)
e a c h  o f  which co u ld  be combined w i t h  (6)
0" + HgOg = (|)gH'+ OH (61)
' I+ H^ Oo = QoH'* HOg (62)?2 + V 2  = ^2 ^ '
R e a c t io n s  (5 9 ) ,  ( 6 0 ) ,  (61) and (62) a r e  im p ro b a b le  p ro d u c in g  
s o l u t i o n  phase  f r e e  r a d i c a l s  and (6) a f e a t u r e  o f  t h e  f i n a l  
mechanism has b een  shown to  be v e r y  f a s t .  I n  a d d i t i o n  a  
scheme o f  t h e  form
X + HgOg = Y (65)
Y + HgOg = X + Og (64)
w i t h  a d e s t r u c t i o n  s t e p
X + HgOg = Z (65)
b a la n c e d  a t  e q u i l i b r i u m  by r e g e n e r a t i o n
Z = X (56)
(where X, Y and 2 a r e  some s u r f a c e  s p e c i e s )  does  n o t  
a g r e e  w i th  ex p e r im e n t  g i v i n g  a t  e q u i l i b r i u m
1 5 5 .
R ate  = ^64^65^66 C ^2°2]
6^4^66 6^5^66 6^4^65 [®2°2]
2kÉ i
•65
w hich  i s  1s t  o r d e r  a t  low g o in g  o v e r  t o  a  s im p le  ze ro
o r d e r  a t  h ig h  .
4. C a t a l y s i s  i n v o l v i n g  t w i n - s i t e  p o i s o n i n g .
C a t a l y s i s  i n v o l v i n g  t w i n - s i t e  p o i s o n i n g  p r o v i d e s  
s e v e r a l  a l t e r n a t i v e s  a s  d i s c u s s e d  a b o v e . S e v e r a l  
mechanisms i n c o r p o r a t i n g  such  s t e p s  were t r i e d  un su ccesS '  
f u l l y  b e f o r e  t h e  f i n a l  scheme was e v o lv e d .
( i ) X + ^ 2°  2 = Y (65)
Y + HgOg X + °2 (64)
2X + ^ 2°2 2Z (67)
2Z — 2X . (68)
where X, Y and Z a r e  a s above •
I f  X and Y c o v e r  t h e whole a c t i v e s u r f a c e i . e .
[ x j  + [ y] = 1, t h i s  scheme g i v e s  t h e  f o l l o w i n g
r a t h e r  complex r a t e  e q u a t i o n  
R a te  55
^^65^64*^18 [ ^ 2^ 2 ]
*^67 ^64^67
[H^OJ
k
•i u68 ^ 65^68 , 1 ^67 68 ,
— . . I . . —  IT —1 . 1 . - T t  .1. I » T I  .. I ■ ■ ■  I  V
i  k k ^  ^ k67 64 67 63
w hich  i s  o f  t h e  form
A [B 2O2 ]
,1 2R a te  = (B C(B +
1 5 6 .
T h is  would g iv e  1 s t  o r d e r  i n  jHgOgJat low b u t  a t
h ig h  p2®2l o r d e r  would n o t  be z e ro  b u t  a c c o r d i n g  to  
t h e  e q u a t i o n
Rate  = A 1 ^ 2 0 ^ ^  i . e .  ^  o r d e r
T h is  f a i l s  t o  s a t i s f y  t h e  e x p e r im e n ta l  d a t a .
( i i )  The scheme
(j)' + HgOg = (j>2 + HgO ( 5 )
(69)Î ' .  r " ï ^ " '(j)' 0— II OjB'
s u g g e s t s  p o i s o n i n g  due to  t h e  slow a t t a i n m e n t  o f  e q u i l i ­
b r ium  a c c o r d i n g  to  (6 9 ) .  T h is  i s  u n s a t i s f a c t o r y  a s  t h e  
e q u i l i b r i u m  r a t e  i s  g iv e n  by
2k [HgOg]Rate
w hich  g i v e s  f i r s t  o r d e r  k i n e t i c s  a t  low b u t  h a l f
o r d e r  a t  h ig h  j  a g a in  f a i l i n g  to  s a t i s f y  t h e  e x p e r i ­
m e n ta l  d a t a .
4. The F i n a l  E f f i c i e n c y  Growth on Cu^O C on s ide red  a s  a  B ulk  
S o l i d  P r o c e s s .
The u n m is ta k a b le  s igm oid  shape  o f  t h e  e f f i c i e n c y  /
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t i m e  c u r v e  d e v e l o p e d  f r o m  t h e  minimum i n  t h e  h i g h  
r e g i o n  s u g g e s t s  t h a t  t h e  p r o c e s s  i n v o l v e s  a b u l k  s o l i d  c h a n g e  
r a t h e r  t h a n  a  s u r f a c e  r e a c t i o n .  The s l o w n e s s  o f  t h e  ch a n g e  
a l s o  s u g g e s t s  a  s o l i d  p r o c e s s  p e r h a p s  i n v o l v i n g  t h e  o x i d e  t o  
some d e p t h  b e lo w  t h e  s u r f a c e .
A f u r t h e r  f e a t u r e  i s  t h e  o c c u r r e n c e  o f  i n t e r m i t t e n t  
l e a p s  i n  t h e  c u r v e s  a t  h i g h e r  t e m p e r a t u r e s  and h i g h e r  
( F i g . 2 5 ) .  T h i s  i s  m o s t  r e a d i l y  e x p l a i n e d  i n  t e r m s  o f  a  
s i m p l e  f i l m  r e a c t i o n  i n  w h ic h  c r a c k i n g  can  o c c u r  when a  
c e r t a i n  t h i c k n e s s  o f  f i l m  h a s  r e a c t e d  t o  t h e  new f o r m .  The 
c r a c k i n g  d i s c o n t i n u o u s l y  c r e a t e s  new s u r f a c e s  and  t h e  p r o c e s s  
t h e n  g o e s  on  t o  a  h i g h e r  f i n a l  r a t e  t h a n  w ou ld  be  e x p e c t e d  
when t h e  o r i g i n a l  g r o w t h  s t a r t e d  o u t .  I n  P i g . 25 i t  i s  
p o s s i b l e  t o  d i s t i n g u i s h  s e v e r a l  s t e p s  w h ic h  t a k e  t h e  f o rm  o f  
t o p  p o r t i o n s  o f  s i g m o i d s ,  t h e  l o w e s t  o n e  o f  w h ic h  c a n  be 
e x t r a p o l a t e d  t o  a  s y m m e t r i c a l  maximum. I t  h a s  t o  be b o r n e  
i n  m in d  t h a t  t h e  s u d d e n  o n s e t  o f  a s t e p  m u s t  a f f e c t  s i m u l ­
t a n e o u s l y  a  l a r g e  n u m b er  o f  s e p a r a t e  c a t a l y s t  e l e m e n t s .
T h i s  c o u l d  be  e x p l a i n e d  i f  i t  o c c u r s  a t  a  c e r t a i n  d e g r e e  o f  
s u r f a c e  c h a n g e  o r  a t  some d e p t h  o f  c h a n g e .
One d i f f i c u l t y  a b o u t  t h e  a s s u m p t i o n  o f  c r a c k i n g  i s  
t h a t  i t  i m p l i e s  an  e x t e n s i o n  o f  t h e  s u r f a c e  a r e a .  Y e t  i n  
e v e r y  c a s e  a f t e r  r e m o v a l  o f  a  r a p i d  r e t u r n  t o  p r e - g r o w t h
c o n d i t i o n s  t a k e s  p l a c e  i n  a  s h o r t e r  t i m e  t h a n  i s  t a k e n  i n  
g r o w i n g .  Even a f t e r  many h u n d r e d s  o f  c y c l e s  t h e  o r i g i n a l  
c a t a l y s t  c o n d i t i o n  was m a i n t a i n e d .
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" C rack ing "  has  t h e r e f o r e  t o  be i n t e r p r e t e d  a s  meaning 
any s h a r p l y  d i s c o n t i n u o u s  breakdown of  a  p a t t e r n  which i s  
b e g in n in g  to  l i m i t  t h e  g row th  o f  c a t a l y t i c  e f f i c i e n c y .  I t  
cou ld  r e f e r  t o  an i n t e r n a l  movement o f  i o n s  o r  i o n i c  
v a c a n c i e s  e . g .  Cu'*’ o r  v a c a n t  c a t i o n  s i t e s  ( v . c . s . )  n o rm a l ly  
so sm a l l  a s  t o  be n e g l i g i b l e  a t  t h e s e  t e m p e r a t u r e s  b u t  a b l e  
xo  move a fev; p l a c e s  u n d e r  a h ig h  l o c a l  p o t e n t i a l  g r a d i e n t .  
T h is  amounts to  submerged c r y s t a l  r e a r r a n g e m e n t  and t h e  
e f f e c t  o f  i t  would be l o s t  once t h e  was removed.
The slow b e g i n n i n g  o f  t h e  g row th  p r o c e s s  i s  t h e  
f e a t u r e  o f  t h e  s igm oid  which most l i m i t s  t h e  c h o ic e  o f  
mechanism. S u i t a b l e  mechanisms a r e : -
( i )  A s u r f a c e  change i n v o l v i n g  n u c l é a t i o n  l i k e  d e com-
1 2 5p o s i t i o n  o f  a  h y d r a t e  o r  o t h e r  s o l i d
( i i )  A change i n  which  e a c h  o f  t h e  newly a c t i v e  s i t e s  i s  
c a p a b le  o f  a c t i v a t i n g  an a d j o i n i n g  l e s s  a c t i v e  s i t e .  
T h is  can a l s o  be r e g a r d e d  a s  a  s u r f a c e  n u c l é a t i o n  o r  
a s  a s u r f a c e  b r a n c h i n g  c h a in  r e a c t i o n .
( i l l )  iin e l e c t r i c a l  e f f e c t  i n  t h e  s u r f a c e  l a y e r s  i n  which 
t h e  sp ac e  c h a rg e  -  a t  f i r s t  c o n c e n t r a t e d  -  b e g i n s  t o  
s p re a d  o u t  i n t o  t h e  c r y s t a l  d e p th  t h u s  p e r m i t t i n g  a 
g r e a t e r  c a p a c i t y  f o r  c a t a l y s i s  i n  t h e  s u r f a c e .  An 
a n a lo g o u s  e f f e c t  i s  t h a t  p roduced  on a c o n d e n s e r  
p l a t e  when a h ig h  d i e l e c t r i c  c o n s t a n t  l i q u i d  i s  
poured  be tw een  t h e  p l a t e s .  The sp re a d  o f  ch a rg e
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however must be accom plish ed  by c r e a t i o n  o f  e l e c t r o n i c  
d e f e c t s  on an exp an d ing  f r o n t  i n t o  th e  c r y s t a l  u n t i l  
t h e  p o t e n t i a l  g r a d i e n t  becomes to o  weak.
( i v )  A p r o c e s s  i n  w hich  t h e  a v e ra g e  b i n d i n g  energy  o f  t h e
a c t i v e  p e ro x id e  s p e c i e s  i . e .  Og, O ' ,  OH , O^H, i s
s lo w ly  d e c r e a s e d .  T h is  would r e s u l t  i n  a  l i m i t e d
r i s e  i n  t h e  energy  o f  a c t i v a t i o n  o f  t h e  o v e r a l l
p r o c e s s  d ep end en t  on such  a c t i v e  s p e c i e s .  T h is
change c o u ld  come ab o u t  t h ro u g h  o r  be accompanied by,
t h e  slow i n c r e a s e  i n  t o t a l  s u r f a c e  co v e rage  by th e
r e l e v a n t  s p e c i e s :  i t  i s  w e l l  knovm t h a t  h e a t s  o f
a d s o r p t i o n  f a l l  a s  Q t h e  f r a c t i o n  o f  cove rage  
1 ’^ 6i n c r e a s e s  ^ . I t  can t h e r e f o r e  be  s u g g e s te d  t h a t  
t h e  r a t e  o f  i n c r e a s e  o f  G i s  a  f u n c t i o n  o f  t h e  a r e a  
a l r e a d y  covered  and t h e  a r e a  y e t  to  c o v e r .  I n  te rm s  
o f  t h e  change i n  a c t i v a t i o n  energy  when t h e  r a t e  
i n c r e a s e s  from
r  a t  t h e  mi. n i  mum w i t h  E. = 19*5 k c a l .o  A
t o  a t  t h e  f i n a l  s t a t e  w i th  = 26 .5  k c a l .
t h e  number o f  s i t e s  i n c r e a s e s  by a  f a c t o r  o f  10 o r  
more ( s e e  b e lo w ) .  Thus t h e  number o f  s i t e s  a t  
i s  v e r y  s m a l l  and can e a s i l y  ac co u n t  f o r  t h e  slow 
s t a r t  o f  t h e  g ro w th .
Of t h e  f o u r  s u g g e s te d  mechanisms o n ly  (11) and ( i v )  
a r e  c a p a b le  o f  s i m i l a r  s im p le  k i n e t i c  a n a l y s i s  tho u g h  i t
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m igh t  be s a i d  t h a t  a l l  a r e  to  a f i r s t  a p p r o x im a t io n  c a p a b le  
o f  b e i n g  f i t t e d  t o  an  e q u a t i o n  o f  t h e  t y p e : -
“  = (70)
where r^  -  r a t e  a t  t h e  b e g in n in g  o f  t h e  p r o c e s s
r ^  = »» " M end " ” "
r ^  = " " any t im e  ;b d u r i n g  t h e  p r o c e s s
T h i s  i s  n o t  s u r p r i s i n g  s i n c e  t h e  p r o c e s s e s  s u g g e s te d  above 
were chosen  w i th  a s ig m o id a l  shape i n  mind and e q u a t i o n  (70) 
i s  t h e  m a th e m a t i c a l  s t a t e m e n t  o f  su ch  a  sh ap e .  The d e r i v a ­
t i o n  o f  e q u a t i o n  (70) can however be e x p la in e d  from 
mechanism ( i i )  above
L e t  t h e  f r a c t i o n  o f  t h e  t o t a l  r a t e  r^  which i s  due 
t o  t h e  i n c r e a s e d  e f f i c i e n c y  a t  t im e  ^  be 0,-^  " Then t h e  
f r a c t i o n  o f  t h e  s u r f a c e  c a p a b le  o f  c a u s in g  f u r t h e r  growth
1 -a^w i l l  be and t h a t  s t i l l  a b l e  t o be changed w i l l  be
t h e n d t ^ 7 1 ^ t  ^ ^  “ ^ t^
when ^ t 0  r a t e  = ^ 0
and when ® t  ~ 1 r a t e  =
" " t  =
-  r——— - and 1 ^ 0 0
■  “ t  =  ~
-
TP
^ 0 0  ~  ^ 0 CD ^ 0
and
d ( a ^ )
d t
d ( r t )  1
S u b s t i t u t i n g  i n  (71)
d ( r ^ )
d t
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(72)
I n t e g r a t i o n  by p a r t s  g i v e s
s  t  -f c o n s t a n t  (73)
T h is  i s  t h e  e q u a t i o n  o f  a  sy m m e tr ic a l  s igm oid  which
i s  shown by th e  r e s u l t s  o b t a i n e d  i n  t h e  lo w er  r e g i o n s  o f  t h e
h ig h  iHgOgl zone :  e . g .  i n  F i g . 60 ( th e  0 .5  M s e r i e s  o f
f r +  _  r  )p o i n t s )  where l o g . « I - — — — —- i s  p l o t t e d  a g a i n s t  t im e .
I
I n  some c a s e s  r ^  must be e s t i m a t e d  by t r i a l  and e r r o r  
s i n c e  a s t e p w is e  i n c r e a s e  o c c u r s  b e f o r e  t h e  i n i t i a l  smooth 
cu rve  has  p la y e d  i t s e l f  o u t .  T h is  p ro c e d u re  i s  i l l u s t r a t e d  
i n  F i g . 61 where on an e s t i m a t e d  r ^  t h e  i n i t i a l  s igm oid  i s  
p l o t t e d  a c c o r d i n g  to  75» Also i n  P i g . 61 some o f  t h e  h i g h e r  
s t e p s  a r e  p l o t t e d  to  t h e  same grow th  r a t e  p r o c e s s  by 
e s t i m a t i n g  r ^  -  t h e  new f i n a l  r a t e  -  by v i s u a l  e x t r a ­
p o l a t i o n  and u s i n g  w i th  i t  a  new i n i t i a l  r a t e
r  * r  * ,r ’ = r  . -“22- . i n  a d d i t i o n  t h e  f a c t o r  -«2L. must be
'  -COi n t r o d u c e d  i n  t h e  c o n s t a n t  so t h a t  t h e  new s lo p e  k ’ becomes
r  * r  I r^. r  *kry. . —22. . Thus -“22- , l o g . .  —— — — i ±q p l o t t e d  a g a i n s t
^00 ^00 \^ 0D ~ ^ tt im e ^  and l i n e s  e x a c t l y  p a r a l l e l  t o  t h e  f i r s t  a r e  o b t a i n e d
F i g . 60 shows t h e  g ra p h s  f o r  t h e  i n i t i a l  s igm oid ,  o f  a 
number o f  d i f f e r e n t  a r e  s u b s t a n t i a l l y  t h e  same,
A lso  i n  F i g . 60 t h e  ex trem e pH v a l u e s  4 .5  and 8 . 0  a r e
LHiOz J  = 1'5 M 
pH = 45/CL  ^ 0 001
T = 50*e 
%  = I n i t i a l  S i G M o t o  
O - S x t p
L --0 r 3*0
50
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compared and a g a in  no e f f e c t  i s  o b s e rv e d .
The t e m p e r a tu r e  c o e f f i c i e n t  i s  o b t a i n e d  from t h e  
s l o p e s  o f  t h e  l i n e s  i n  F i g . 60 f o r  4-5^0 and 50°0 a s  7 . 6  k c a l  
( F i g . 6 2 ) .  I t  i s  o f  some i n t e r e s t  t o  n o t e  t h a t  t h i s  i s  o f  
t h e  same o r d e r  a s  t h e  energy  o f  a c t i v a t i o n  o f  s u r f a c e  
d i f f u s i o n  o f  c o n d u c t in g  s p e c i e s  i n  Cu^O, found from t h e  
t e m p e r a t u r e  c o e f f i c i e n t  o f  e l e c t r i c a l  c o n d u c t i v i t y  as  7 to  
10 k c a l .  ^  ^ I t  may a l s o  be n o te d  t h a t  t h e  v a lu e
o b t a i n e d  a g r e e s  a p p ro x im a te ly  w i t h  th e  t e m p e r a tu r e  c o e f f i ­
c i e n t  o f  t h e  growth s lo p e  a t  t h e  p o i n t  o f  i n f l e c t i o n  which 
g i v e s  57*5 k c a l .  ( i . e .  i n c l u d i n g  26 .5  k c a l ,  t h e  a c t i v a t i o n  
ene rgy  o f  t h e  maximum f i n a l  r a t e ) .
The r ô l e  o f  ^n^O^ i n  t h e  g row th  p r o c e s s  i s  c l e a r l y  
t o  make t h e  change p o s s i b l e  b u t  n o t  to  c o n t r o l  i t s  r a t e .  
Thus Hg02 co u ld  c r e a t e  a  p o t e n t i a l  d i f f e r e n c e  between  t h e  
s u r f a c e  and t h e  b u lk  which d e c id e s  t h e  e x t e n t  t o  which t h e  
d i f f u s i o n a l  r e a r r a n g e m e n t  can p ro c e e d .  I f  t h e  f i n a l  
e f f i c i e n c i e s  o f  t h e  growth p r o c e s s  a r e  t a k e n  a s  t h e  e x t r a ­
p o l a t e d  maxima o f  t h e  f i r s t  s igm oid  t h e  v a l u e s  n a t u r a l l y  
d i f f e r  c o n s i d e r a b l y  from t h o s e  o f  t h e  m easured  maxima which 
e x h i b i t  an a lm o s t  z e ro  o r d e r  dependence  on -  F i g . 51*
They a r e  i n  f a c t  p r o p o r t i o n a l  to  - - - =:- -  F i g . 57 -  i . e .jHgOgJ
s i m i l a r  t o  t h e  i n i t i a l  s t a t e  which s u g g e s t s  t h a t  t h e  two 
s t a t e s ,  i n i t i a l  and f i n a l ,  do n o t  d i f f e r  b a s i c a l l y .
I f  t h e  minimum and f i n a l  r a t e  p r o c e s s e s  a r e  
e s s e n t i a l l y  t h e  same as  t h e  k i n e t i c  a n a l y s i s  seems t o  s u g g e s t
1 6 ) .
i t  i s  n e c e s s a r y  t o  e x p l a i n  t h e  d i f f e r e n c e  i n  t e m p e r a t u r e  
c o e f f i c i e n t s  i . e .  19*5 k c a l . f o r  t h e  minimum and 2 6 .5  k c a l .  
f o r  t h e  maximum. C l e a r l y  t h e  h i g h e r  a t  t h e  maximum
t o g e t h e r  w i t h  t h e  h i g h e r  r a t e  s u g g e s t s  a  g r e a t e r  number o f  
a c t i v e  s i t e s .  The q u e s t i o n  a r i s e s ,  do t h e  s i t e s  r e s p o n s i b l e  
f o r  t h e  minimum r a t e  c o n t in u e  t o  work o r  a r e  t h e y  now 
o b l i t e r a t e d ,  h a v in g  t h e i r  work done by t h e  l a r g e r  number o f  
s i t e s  o f  h i g h e r  E^? The k i n e t i c s  o f  t h e  g row th  p r o c e s s  
have been  e x p l a i n e d  e a r l i e r  a s  b e in g  c o n t r o l l e d  by a  d i f f u s i o n  
o f  c u r r e n t  c a r r y i n g  s p e c i e s  i n  t h e  o x i d e , u n d e r  t h e  i n f l u e n c e  
o f  a p o t e n t i a l  d i f f e r e n c e .  I t  co u ld  be supposed  th s i t  t h e s e  
s p e c i e s  come, up o u t  o f  t h e  b u lk  o f  t h e  ox id e  and f lo w  i n t o  
t h e  s u r f a c e  l a y e r  each  c r e a t i n g  t h e r e  a new a c t i v e  c e n t r e .
I n  t h e  same p r o c e s s  t h e  o r i g i n a l  c e n t r e s  o f  low cou ld
be  p u l l e d  back  i n t o  l i n e  so t h a t  t h e  new s u r f a c e  i s  homo­
g en e o u s .  Q u a n t i t a t i v e l y  however t h e  q u e s t i o n  i s  v m lm p o r ta n t .
5 .  P o t e n t i a l  M easurements  from  Ou^O d u r in g  R e a c t io n .
The main p o t e n t i a l s  c o r re s p o n d  r e a d i l y  w i th  t h o s e  
e x p e c te d  u n d e r  t h e  c o n d i t i o n s .  Thus a f r e s h  Gu^O e l e c t r o d e  
i n  w a te r  (no H.^02) a t  pH 4 .5  gave e = 0 .1 7 4  v .  T h is  
p o t e n t i a l  i s  r e f e r r e d  to  t h e  s t a n d a r d  e l e c t r o d e  a t
29B°K -  a s  a r e  a l l  t h e  o t h e r  p o t e n t i a l s  i n  t h i s  s e c t i o n
-  by a d d in g  0 .2 5 0  v .  ( t h e  v a l u e  o f  t h e  S .G .E . r e f e r e n c e  
e l e c t r o d e  a t  45^0 on t h i s  s c a l e )  t o  th e  m easured  p o t e n t i a l s .
A ”u se d "  GUgO e l e c t r o d e  i . e .  one which  had been  exposed  to  
an HgOg c o n t a i n i n g  s o l u t i o n ,  gave t h e  v a l u e  o f  0 .2 6 7  v . i n  H^O.
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T h is  h i g h e r  o x i d i s e d  v a l u e  was perm anent  i . e .  i t  d id  n o t  
decay  even on h e a t i n g  and re im m e rs io n .
Now t h e  p o t e n t i a l  o f  a  Cu/Cu^O, OH' e l e c t r o d e  u n d e r
t h e s e  c o n d i t i o n s  can be c a l c u l a t e d  a s  0 .2 22  v .  The c a l c u l a -
12Qt i o n  d e r i v e s  from  d a t a  r e p o r t e d  i n  L a t im e r   ^ and i s  c a r r i e d  
o u t  a s  f o l l o w s .
The s t a n d a r d  e l e c t r o d e  p o t e n t i a l  o f  t h e  e l e c t r o d e ,  
f o r  which t h e  r e a c t i o n  i s
iCUgO + iHgO = Ou + OH' (74)
and t h e  e . m . f .  a t  4 5 ° C i s  g iv en  by
45°Ce = 0 .0 6 )  log^Q
i s  - 0 . 5 5 8  a t  293°A. The e n t ro p y  change a g a i n  from L a t i m e r ’ s 
t a b l e s  i s
As = -17.2 = - iL A â l J.P.ÉË.
d î  d t
Thus t h e  t e m p e r a t u r e  c o e f f i c i e n t  i s  -0 .0 0 0 8 9  v . / d e g r e e  whj.ch 
g i v e s  % - 0 . 5 7 6  v .  and hence t h e  e x p e c te d  e . m . f .  o f
su ch  an e l e c t r o d e  a t  pH 4 .5  becomes
- 0 . 5 7 6  -s* 0 .5 9 8  = 0 .2 2 2  v .
These r e s u l t s  s u g g e s t  a t  f i r s t  s i g h t  t h a t  an unused
Cu^O e l e c t r o d e  i s  i n  a  somewhat re d u ced  s t a t e  s i n c e  t h e
p o t e n t i a l  i s  0 .0 4 8  v .  below t h a t  c o r r e s p o n d i n g  to  t h e  
Cu^,0/0H" e l e c t r o d e .  On t h e  o t h e r  har.d a c n e e  u sed  e l e c t r o d e  
r e m a in s  i n  an o x i d i s e d  s t a t e  r e l a t i v e  t o  p u re  Cu^O, t o  Ein
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e x t e n t  i n d i c a t e d  by t h e  d i s p la c e m e n t  o f  0 .0 4 5  v .
The p o t e n t i a l ,  on im m ers ion  i n  H^Og s o l u t i o n  a t  t h e  
same pH, i s  d i s p l a c e d  t o  0 .5 6  ^  0 .0 2  v .  where t h e  s p r e a d  
r e f e r s  to  d i f f e r e n t  e l e c t r o d e s .  T h i s  c o r r e s p o n d s  c l o s e l y  
to  t h e  p o t e n t i a l  o f  t h e  GUgO/Ou(OH)2/OH' e l e c t r o d e ,  t h e  
r e a c t i o n  a t  which i s
iCUgO + iHgO + OH' + e GufOH)^ (75)
298From L a t i m e r ’ s d a t a  (e^ = - 0 . 0 5 0  v . ,  A S  = - 1 . 2  u n i t e )z 1 a®o ~ “ 0 .0 4 8  V. and t h e  c a l c u l a t e d  p o t e n t i a l  i n  a  s o l u t i o n
of  pH 4 ,5  i s  0 .551 V. Thus R^Og o x i d i s e s  t h e  CUgO s u r f a c e
t o  t h e  Cu(OH) 2 s t a t e .  T h is  i s  somewhat l i k e  t h e  p r o c e s s
w hich  o c c u r s  d u r in g  t h e  a n o d ic  t r e a t m e n t  o f  Gu i n  a l k a l i n e  
s o l u t i o n .  A gocd summary o f  work on Cu a n o d i s a t i o n  i s  
g iv e n  by H a l l i d a y w h o  i d e n t i f i e s  t h r e e  s t a g e s  v i z :  ( i )  
f o r m a t i o n  o f  CU2O ( i i )  f o r m a t i o n  o f  a mixed Gu(0H)2» CuO 
l a y e r  ( i l l )  p a s s i v a t i o n  o f  t h e  co p p e r .  I n  t h e  c a se  o f  
t r e a t m e n t  by HgOg i n h i b i t i o n  o f  d i s s o l u t i o n  by hi,gh 
can  be r e g a r d e d  a s  p a s s i v a t i o n .  The p a s s i v a t e d  s u r f a c e  
was shown by H a l l i d a y  t o  be e i t h e r  Cu(0H)2 o x  CuO t h e  l a t t e r  
b e in g  r e s p o n s i b l e  i n  s t i r r e d  s o l u t i o n .  S in ce  t h e  s o l u t i o n s  
i n  t h e  p r e s e n t  work were a lw ays w e l l  s t i r r e d  (by f lo w  and 
b u b b l in g )  i t  can be t a k e n  t h a t  t h e  p o t e n t i a l  r e s u l t s  a r e  i n  
k e e p in g  w i th  t h e  e x p l a n a t i o n  t h a t  d u r i n g  c a t a l y s i s  th e  more 
c o n c e n t r a t e d  H2O2 s o l u t i o n s  g iv e  r i s e  to  CuO. The a c t u a l  . 
s u r f a c e  however may p o s s i b l y  s t i l l  be t h o u g h t  o f  a s  Gu(OH)^.
166 .
The a c t u a l  p o t e n t i a l  d u r in g  c a t a l y s i s  i s  a lm o s t  
c e r t a i n l y  n o t  c o n t r o l l e d  by t h e  Cu20/ C u ( 0H)2 p o t e n t i a l .  I t  
h a s  t h e  same v a l u e  a s  would be e x p e c te d  from th e  r e s u l t s  o f  
B c c k r i s  and O l d f i e l d ^ ^ ^  on P t  and Au and from t h e  d e t a i l e d  
work o f  H a r t ,  A i tk e n  and B e a t o n ^ w h e r e  t h e  p o t e n t i a l s  were 
g iv e n  ( i r r e s p e c t i v e  o f  m e t a l )  i n  t h e  ra n g e  o f  pH and | ^ 2^ ^  
by t h e  e x p r e s s i o n
e = 0 .8 4  “ 0 .059  pH (76)
a t  25^0. T h is  would g iv e  0 .5 6  v .  a t  45^0 and pH 4 .5
S in ce  t h e  same i d e n t i c a l  p o t e n t i a l  i s  found on P t ,
Au, Ag, Cu and Ni i t  i s  c l e a r  t h a t  t h e  H2O2 i s  t h e  d e t e r ­
m in in g  f a c t o r  and t h e  n a t u r e  o f  t h e  u n d e r l y i n g  o x id e  o r  m e ta l  
n e g l i g i b l y  so .  Thus i t  i s  p ro b a b ly  on ly  a c c i d e n t a l  t h a t  t h e  
p o t e n t i a l  o f  0 .5 6  v .  2  0 .0 2  (o b ta in e d  i n  t h e  p r e s e n t  work)
a g r e e s  so c l o s e l y  w i t h  0.551 v . , t h e  p o t e n t i a l  e x p e c te d  i f  
Cu(OH) 2 and OUgO e x i s t  t o g e t h e r  a t  t h e  used  pH. I t  i s  a l s o  
i m p o s s i b l e  to  e x p l a i n  t h e  s t e a d y  H2O2 p o t e n t i a l  i n  te rm s  o f  
Cu(H0 2 ) o r  Cu(H02)2  l a y e r s  s i n c e  such  an e x p l a n a t i o n  ex ten d ed  
t o  o t h e r  m e t a l s  would s u r e l y  g iv e  a wide ra n g e  o f  v a l u e s
B o c k r i s  and O l d f i e l d ^ s u g g e s t e d  t h a t  t h e s e  s t e a d y  
p o t e n t i a l s  a r e  due to  t h e  e q u i l i b r i u m
“ (a d e o rb e d )  * b OH' (77)
T h is  would g iv e  t h e  r e l a t i o n  (76) w i t h  t h e  v a l u e  o f  e 
d e c id e d  by t h e  p a r t i c u l a r  s t a t e  o f  a d s o r p t i o n  o f  t h e  OH
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r a d i c a l  on t h e  s u r f a c e  i n  q u e s t i o n .  G e r i s c h e r  and
G e r i sc h e r^ ^ ^  s u g g e s te d  t h a t  t h e  p o t e n t i a l  i s  c o n t r o l l e d  by
th e  c y c l i c  p r o c e s s
HgOg + e + H* = HO + HgO (78)
HgOg = HOg + H+ + e (79)
which  g iv e s  t h e  r e q u i r e d  e /pH  r e l a t i o n .
I n  b o th  c a s e s  r a d i c a l s  a r e  form ed. I t  i s  t h e s e  
which  a r e  r e g a rd e d  as  r e s p o n s i b l e  f o r  c a t a l y s i s  i n  c h a in  
p r o c e s s e s .  The e l e c t r o d e  p o t e n t i a l  t h u s  r e f l e c t s  t h e  
p r o d u c t i o n  o f  a s t e a d y  s u r f a c e  c o n c e n t r a t i o n  o f  r a d i c a l s  
d u r i n g  c a t a l y s i s .
The o x i d a t i o n - r e d u c t i o n  p o t e n t i a l  s e t  up d u r i n g  
c a t a l y s i s  w i l l  o f  c o u r se  d ec id e  t h e  n a t u r e  o f  t h e  u n d e r l y i n g  
s u r f a c e  o f  t h e  m e ta l  o r  o x id e .  I n  t h e  p r e s e n t  ca se  i t  i s  
c l e a r  t h a t  a  s u r f a c e  c o n s i s t i n g  o f  Cu^O and CufOH)^ w i l l  be 
i n  e q u i l i b r i u m  w i t h  decomposing The f u l l  e q u a t i o n  f o r
t h e  e l e c t r o d e  p o t e n t i a l  g iv en  by r e a c t i o n  (7 5 ) i s
= - 0 . 0 4 8  -  —  I nF
^®Cu,0 ‘ ®0H'll
®Cu (0H)2
The v a l u e  o f  - 0 . 0 4 8  v .  o r  0.551 v .  i n  pH 4 .5  w i l l  o n ly  be 
g iv e n  when t h e  a c t i v i t i e s  o f  t h e  two s o l i d s  a r e  t h e  same o r  
when e a c h  i s  u n i t y  a s  i n  t h e  case  o f  m ix in g  t h e  b u lk  s o l i d s  
I t  can be see n  now however t h a t  t h e  s l i g h t l y  more p o s i t i v e  
v a l u e  o f  t h e  m easured  p o t e n t i a l s  compared w i th  t h e i r
1 6 8
®Cu,0v a l u e  c o r r e s p o n d s  w i t h  a  v a l u e  o f  t h e  r a t i o  -------  —
^Cu(OH)psomewhat g r e a t e r  t h a n  u n i t y ,  v i z ;  , \ ^
|®Cu (0H)2'
0 .5 6 0 - 0.551 = 0.031 . log^Q
®CU20
®Cu(OH)„Whence ----  — "= 2 .0
®CU20
I f  t h e  whole s u r f a c e  i s  supposed cove red  w i th  OH' i o n s ,  t h e  
r a t i o  o f  Cu"*"*" to  Cu"*" w i l l  be a b o u t  u n i t y  a t  t h e  peak  co nd i­
t i o n s .  The v a l u e  o f  t h e  f i n a l  s t e a d y  p o t e n t i a l  changes 
o n ly  s l i g h t l y  i n  t h i s  ra n g e  w i t h  jEgO^ . However t h i s
change seems s i g n i f i c a n t  and t o  t i e  up w i th  t h e  c a t a l y s i s .  
Thus from 0 .5  M t o  2 M t h e r e  i s  a s m a l l  f a l l  i n  t h e  peak 
p o t e n t i a l  o f  0 .005  v .  and a  s m a l l  f a l l  i n  t h e  s t e a d y  
c a t a l y s i s .  T h is  would be i n  k e e p in g  w i th  a f a l l  i n  t h e  s u r ­
f a c e  f r a c t i o n  o f  Cu"*"^  ( s e e  below f o r  c a l c u l a t i o n )  f rom  0 .5 0  
t o  0 .3 3  .
The sm a l l  changes  o f  p o t e n t i a l  d u r i n g  c a t a l y s i s  were 
r e p r o d u c i b l e ,  u n i fo rm  and c o in c id e d  i n  t im e  w i th  t h e  marked 
chang es  o f  c a t a l y t i c  e f f i c i e n c y  o c c u r r i n g  u n d e r  t h e  same 
c o n d i t i o n s  o f  j^HgOj and pH -  i n s e t  F i g . 49 i l l u s t r a t e s  t h e s e  
e f f e c t s  c l e a r l y .  The movement from peak to  minimum i s
0 .0 1 5  V .  t o  0 .0 1 5  V .  t a k i n g  a b o u t  10 m in u te s  w i th  a  s lo w er  
r e c o v e r y  t o  a c o n s t a n t  v a l u e  a t  a lm o s t  e x a c t l y  t h e  same 
p o t e n t i a l  a s  t h e  peak .
I n  one ca se  u s i n g  1 .5  M HgOg t h e  peak and f i n a l
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p o t e n t i a l s  were 0 .5 6 0  v .  and t h e  minimum 0 .5 4 7  v .  C o n s id e r ­
i n g  t h e  s u r f a c e  t o  c o n s i s t  o f  Cu i o n s  f i x e d  i n  p o s i t i o n  b u t  
w i th  p o s s i b l e  ch a rge  v a r i a t i o n  i . e .  e i t h e r  Cu"*"*" o r  Cu^, t h e s e  
p o t e n t i a l s  can  be used  t o  c a l c u l a t e  t h e  ch a rge  d i s t r i b u t i o n .  
F o r  t h i s  p u rp o se  t h e  s i n g l e  charged  i o n s  w i l l  be u sed  i n  
t h e  h y p o t h e t i c a l  s u r f a c e  form CuOH.
CUgO + iH gOi . e .
80 t h a t
At t h e  peak  (a s  g iv e n  above)
^Cu(OS)g
CUgO
2 CuOH
c o n s t a n t  . a CuOH
2 . 0
i . e .
CUgO
'Ou(OH)
a CuOH
where a i s  t h e  f r a c t i o n  o f  s u r f a c e  Cu i o n s  i n  t h e  g iv e n  
fo rm . At t h e  minimum.
('CU++
4 u ^
0 .7 5
1 i t  can  be c a l c u l a t e d  t h a t  t h e
v a r i a t i o n  o f  t h e  f r a c t i o n  o f  Cu from peak  to  minimum i s
0 .5  t o  C.55 * Such 8 change i s  e n t i r e l y  i n  k e e p in g  w i th  
t h e  change i n  c a t a l y s i s  i f  t h e  s u r f a c e  c o n c e n t r a t i o n  o f  
c a t a l y t i c a l l y  a c t i v e  s p e c i e s  e . g .  0 '  i o n s ,  i s  p r o p o r t i o n a l
t o
1 7 0 .
I n  t h e  f i r s t  o r d e r  zone o f  i . e .  below 0 .2 5  M
t h e  p o t e n t i a l s  r i s e  to  a  v a l u e  below t h e  "p e a k ” v a l u e  
m easured  above t h i s  c o n c e n t r a t i o n .  There  i s  no c y c l e  
t h e r e a f t e r .  T h is  a g a in  r e s e m b le s  t h e  c a t a l y t i c  e f f i c i e n c y  
b e h a v io u r  i n  t h e  low zone .  The a c t u a l  p o t e n t i a l
v a l u e s  s u g g e s t  a  v e r y  low e . g .  a t  0 .1  M H^Og t h e
above c a l c u l a t i o n  g i v e s  * =  ^ 0 .001 . The r e l a t i o n ­
s h i p  be tw een  t h e  m easured  p o t e n t i a l  and i n  t h i s
c o n c e n t r a t i o n  zone i s  v e r y  s e n s i t i v e .  I t  can be r e p r e s e n t e d  
by a l o g a r i t h m i c  dependence  o f  p o t e n t i a l  on jÊ^OJ| b u t  no 
s p e c i a l  s i g n i f i c a n c e  can be a t t a c h e d  t o  t h i s .
On removal o f  EgOg th e  e l e v a t e d ,  o x i d i s e d  p o t e n t i a l  
d ecay s  t o  a v a l u e  o n ly  s l i g h t l y  above t h e  Cu^O/OH' e q u i l i b r i u m  
v a l u e .  T h is  decay  i s  e x t r e m e ly  r a p i d  and s u g g e s t s  t h a t  on ly  
t h e  s u r f a c e  i s  c o n v e r t e d  d u r in g  c a t a l y s i s  t o  t h e  o x i d i s e d  
s t a t e  r e s p o n s i b l e  f o r  t h e  h ig h  p o t e n t i a l .  O th e rw ise  a  s low 
decay  would o c c u r  w h i l e  t h e  o x id e  was r e d u c i n g  i t s e l f  i n  
d e p t h .  I t  w i l l  be n e c e s s a r y  t o  answer t h e  q u e s t i o n :  why
does  t h e  c a t a l y s t  n o t  undergo deep o x i d a t i o n  to  b r i n g  i t  i n t o  
e q u i l i b r i u m  w i th  t h e  s u r f a c e  a s  would be t h e  ca se  i f  a n o d i s a ­
t i o n  were t h e  cau se  o f  t h e  s u r f a c e  o x i d a t i o n ?  F o r  t h e  
p r e s e n t  t h i s  q u e s t i o n  must be l e f t  unanswered  w i t h  p e r h a p s  
t h e  t e n t a t i v e  s u g g e s t i o n  t h a t  a  p a s s i v a t i o n  o f  t h e  s u r f a c e  
l a y e r s ,  in d u c e d  by t h e  i t s e l f ,  p r e v e n t s  e x t e n s i o n  o f
t h e  r e a c t i o n  t o  any d e p th  i n  t h e  o x id e .
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6, Compari a c a  o f  t h e  NiO/H^Oo and GoO/E^Or. S v s t e a s—  ...... . ., ^ ^ — -  <C ^ ...»
w i t h  t h e  System.
The e x p e r i m e n ta l  i n v e s t i g a t i o n s  c a r r i e d  o u t  on t h e  
CUgO/HgOg sys tem  were ex ten ded  t o  BiO/HgOg and CoO/H^Og i n  
o r d e r  t o : -
( i )  compare t h e  r e l a t i v e  c a t a l y t i c  a c t i v i t i e s  o f  t h e  
t h r e e  sys tem s
( i i )  t o  examine any e f f i c i e n c y  changes  t a k i n g  p l a c e  and
t o  t e s t  t h e  g e n e r a l  a p p l i c a b i l i t y  o f  t h e  mechanism
p ro po sed  f o r  Cu^O/HpOg*
(a )
( i )  R e l a t i v e  c a t a l y t i c  e f f i c i e n c y <>
The e f f i c i e n c y  changes  t a k i n g  p l a c e  on CUgO, l i O  
and CoO i n  0 .5  M HgOg a t  pH 4 .5  and 45^0 a r e  shown i n
F i g . 65® S in c e  a lm o s t  t w i c e  a s  much (by w e ig h t )  CUgO
a s  GoO and MO was used  t h e  r e s u l t s  show c l e a r l y  t h a t
i n  o r d e r  o f  d e c r e a s i n g  c a t a l y t i c  a c t i v i t y
CoO > CUgO > MO '
I n  a d d i t i o n  i t  i s  l i k e l y  t h a t  t h e  s u r f a c e  a r e a  i n  t h e  
CUpO was much g r e a t e r  t h a n  i n  GoO and MO s i n c e  i t  was 
s u b j e c t  t o  a  g r e a t e r  number o f  o x i d a t i o n  and r e d u c t i o n  
c y c l e s .
( i i )  Changes i n  c a t a l y s t  e f f i c i e n c y  t a k i n g  p l a c e  d u r i n g
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F i s  . 6 3 .  C O M P A R I S O N  OP E F P ic iE H c y  C h a n g e s  Ta k i n g  P l a c e  On
C u % 0 ,  CoO, NiO, Un d e r  T h e  As o v e  C o n d i t i o n s .
i ï 2 .
c a t a l y s i s .
I n  t h e  case  o f  RiO no measui*able r a t e s  o f  decomposi­
t i o n  were o b ta in e d  i n  t h e  c o n c e n t r a t i o n  ra n g e  5 M 
-  1 M and i t  i s  conc luded  t h a t  NiO i s  i n a c t i v e  i n
t h i s  aqueous  RgOg c o n c e n t r a t i o n  zone .
F o r  GoO t h e  changes  i n  e f f i c i e n c y  t a k i n g  p l a c e  
d u r i n g  d e c o m p o s i t io n  f o r  t h e  c o n c e n t r a t i o n  zone 1 M 
HgOg to  0 .1 2  M HgOg a r e  shown i n  P i g . 64- As i n  Cvi^O 
a  good d eg ree  o f  r e p r o d u c i b i l i t y  was o b t a in e d  u s i n g  
t h e  same sample o f  c a t a l y s t  which  was k e p t  immersed 
i n  d i s t i l l e d  w a te r  be tw een  t e s t s .
As i n  CUgO, e f f i c i e n c y  changes  t a k e  p l a c e  d u r i n g  
d e c o m p o s i t io n  and l i k e  GUgO f a l l  i n t o  two main j^gO ^  
z o n e s ,  i . e .  a  h ig h  jH^O.^ zone l y i n g  above 0 .5  M KgOg 
and a  low jHgO^ zone below 0 .5  M HgOg.
I n  t h e  h ig h  c o n c e n t r a t i o n  r e g i o n  f o u r  s t a g e s  a r e  
o b t a i n e d
1. an i n i t i a l  r a p i d  i n c r e a s e  t o  a  p eak  v a lu e
2* a peak  e f f i c i e n c y
3 .  a  r e l a t i v e l y  slow f a l l  from t h e  peek  e f f i c i e n c y
4. a  minimum e f f i c i e n c y .
I n  t h e  low c o n c e n t r a t i o n  zone a s t e a d y  e f f i c i e n c y  
i s  o b t a i n e d  im m e d ia te ly  t h e  r e a c t i o n  commences. TMa 
i e  f o l lo w e d  by a  sm a l l  f a l l  a f t e r  some t im e .
The e f f e c t  o f  jE g O j  on t h e  above changes  was
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F i g . 6 4 .  SHOWING T h e  V a r ia t io n  W i t h  CH2O2I  Of The E f f i c i e n c v  A nd A ls o  The.  
EFFICIENCY C h a n g e s  Of The  C0 O /H 2 O2  S y s t e m .
17).
s t u d i e d  a t  pH 4 .5  i o n i c  s t r e n g t h  0.001 and 45°C.
A. High [HgOgJ zone .
1. I n i t i a l  i n c r e a s e  i n  e f f i c i e n c y .
Due t o  t h e  h ig h  e f f i c i e n c y  o f  CoO f o r  t h e  decom­
p o s i t i o n  o f  HgOg i t  was n o t  p o s s i b l e  to  go above 1 M 
HpOg i n  t h e  p r e s e n t  a p p a r a t u s .  R e s u l t s  o b t a i n e d  a t
1 .0  M and 0 .5  M combined w i t h  t h o s e  i n  t h e  low jHpOg^ 
zone show t h a t  [^2^ ^  has  no m e a s u ra b le  e f f e c t  on t h e  
i n i t i a l  i n c r e a s e  i n * e f f i c i e n c y .
2. Peak e f f i c i e n c y .
The peak  e f f i c i e n c y  i s  d i r e c t l y  p r o p o r t i o n a l  to  t h e  
[HgOj (P ig .  65 ) .
5 . D e c l in e  from  peak e f f i c i e n c y .
The t r a n s f o r m a t i o n  from  h ig h  to  low j^H^oJ b e h a v io u r  
i s  n o t  80 s h a rp  a s  i n  Cu^O, b u t  t h e  r e s u l t s  shown i n  
P i g . 66 i n d i c a t e  t h a t  t h e  d e c l i n e  i n  e f f i c i e n c y  v a r i e s  
i n v e r s e l y  w i t h  jn^O^ . The h a l f - l i f e  p e r i o d  f o r  t h e  
d e c l i n e  a t  1 M and 0 .5  M HgOg i s  4 .5  m in u te s  and 10 
m in u te s  r e s p e c t i v e l y .
4- Minimum e f f i c i e n c y .
As above a f u l l  e x a m in a t io n  co u ld  n o t  be c a r r i e d  o u t  
on t h i s  s t a g e  due to  t h e  h ig h  a c t i v i t y  o f  t h e  CoO. 
Prom t h e  r e s u l t s  o b t a i n e d  however ( P i g . 65) i t  a p p e a r s  
t h a t  t h e  change from  low [ ^ 2^2]  M g h  jH^O^ i s
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accompanied by a change i n  t h e  jHgO^ dependence o f  
o f  t h i s  s t a g e  s i m i l a r  to  t h a t  t a k i n g  p l a c e  on Cu^O.
B. Low zone .
P i g . 65 shows t h a t  t h e  e f f i c i e n c y  i s  d i r e c t l y  p ro p o r ­
t i o n a l  to  jHgO^ .
( b ) B i £C U B £i£n^
The c y c l i c  e f f i c i e n c y  changes  t a k i n g  p l a c e  on Cu^O 
i n v o l v e  a s  p roposed  above two p r o c e s s e s ,  v i z :
( i )  a  s u r f a c e  r e a c t i o n
( i i )  a  b u lk  r e a c t i o n
each  o f  which  e x h i b i t s  d i f f e r e n t  b e h a v io u r  i n  t h e  two concen­
t r a t i o n  z o n e s .
The form  o f  t h e  i n i t i a l  e f f i c i e n c y  changes  t a k i n g  
p l a c e  on CoO s u g g e s t s  a s u r f a c e  r e a c t i o n  s i m i l a r  t o  t h a t  
t a k i n g  p l a c e  on Cu^O. In  a d d i t i o n  t h e  e x p e r im e n ta l  r e s u l t s  
f o l l o w  c l o s e l y  t h e  c o n d i t i o n s  r e q u i r e d  to  f u l f i l  t h e  p ro p o sed  
mechanism i . e .
A. High zo ne .
1. I n i t i a l  i n c r e a s e  i n  e f f i c i e n c y .
The i n i t i a l  r a p i d  i n c r e a s e  i n  e f f i c i e n c y  i s  u n a f f e c t e d  
by jHpO^ and a s  i n  Cu^O can o n ly  be c o n s id e r e d  a s  due 
t o  an  e q u i l i b r i u m  a t t a i n m e n t  e f f e c t  i n  t h e  system*
2. Peak e f f i c i e n c y .
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A lth ou g h  o n ly  two peak e f f i c i e n c i e s  were m easured  i n  
t h i s  c o n c e n t r a t i o n  zone t h e  v a l u e s  when combined w i th  
t h e  i n i t i a l  e f f i c i e n c i e s  i n  t h e  low c o n c e n t r a t i o n  
zone show t h a t
Peak e f f i c i e n c y  = k
o v e r  t h e  s t u d i e d  ^ ^ 0 ^  ra n g e  0 .1  M to  1 .0  M. T h is
r e g a r d s  t h e  i n i t i a l  s t e a d y  e f f i c i e n c y  i n  t h e  low 
zone a s  a  peak  v a l u e .  At h i g h e r  c o n c e n t r a t i o n s  t h a n  
th o s e  s t u d i e d  i t  i s  l i k e l y  t h a t  t h e  t r u e  peak  e f f i c ­
i e n c i e s  w i l l  n o t  be m easured  and a s  i n  CUgO t h e  peak 
e f f i c i e n c y  w i l l  obey t h e  r e l a t i o n s h i p
Peak e f f i c i e n c y  = k* + k ’ * [ ^ 2 ^ ^
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  r a t e  o f  d e c l i n e  a t
1 .0  M i n  CoO i s  s lo w e r  t h a n  t h e  s i m i l a r  s t a g e  i n  CUgO
a t  t h i s  c o n c e n t r a t i o n .  T h is  i s  i n  ag reem en t  w i th
109t h e  r e s u l t s  o f  Yu, C h e s s ic k  and Z e t t l e m o y e r  who 
co nc luded  t h a t  t h e  p r o p o r t i o n  o f  0* was g r e a t e r  i n  
CoO t h a n  i n  CUgO. On t h i s  b a s i s  i t  i s  t o  be  e x p e c te d  
t h a t  t h e  c a t a l y t i c  e f f i c i e n c y  o f  NiO f o r  t h e  decom­
p o s i t i o n  sh o u ld  l i e  between  CoO and Cu^O. T h is  i s  
i n d e e d  t h e  ca se  i n  t h e  v a p o u r  phase  d e c o m p o s i t io n  o f  
HgOg a s  shown by Roas^^ b u t  a s  i s  s t a t e d  above NiO i s  
r e l a t i v e l y  i n a c t i v e  i n  aqueous  HgOg* E x p e r im en ts  
have shown t h a t  Ni (OH)g i s  v e r y  much more s t a b l e  t h a n  
e i t h e r  CuCOH)^ o r  Co(OH)g and i t  i s  t h e r e f o r e  conc luded
1 76 .
t h a t  t h e  i n a c t i v i t y  o f  NiO f o r  t h e  d e c o m p o s i t io n  i s  
due t o  t h e  s t a b i l i t y  o f  t h e  h y d ro x id e .
5 . D e c l in e  o f  e f f i c i e n c y .
The p roposed  mechanism f o r  OUgO/H^Ogreq u i r e s  t h a t  t h e  
d e c l i n e  from t h e  peak  e f f i c i e n c y  has  t h e  f o l l o w i n g  
c h a r a c t e r i s t i c s
( i  ) n e a r  t h e  t r u e  peak  gfi9l) = k Th^oJ  ^d t  L ^ <J
( i i )  a t  c o n s t a n t  j^HgO^ t h e  e f f i c i e n c y  f a l l  f rom  t h e  
peak v a l u e  g iv e s
i—  c>< t im e  + c o n s t a n t
r a t e
S in c e  t h e  e f f i c i e n c y  cu rv e  o b t a in e d  a t  0 .5  M a p p e a r s  
t o  l i e  on t h e  b o r d e r  be tw een  h ig h  and low [^2^ ^  
b e h a v io u r ,  o n ly  one c h a r a c t e r i s t i c  cu rv e  i s  a v a i l a b l e  l e  
f o r  1 .0  M. R e l a t i o n s h i p  ( i )  ca n n o t  be t e s t e d  b u t  f o r  
t h e  1 .0  M d e c l i n e  c u rv e ,  i s  p r o p o r t i o n a l  to
t h e  t im e  ( P i g . 66 ) .
4 . Minimum e f f i c i e n c y
A lth ou gh  t h e r e  a r e  i n s u f f i c i e n t  r e s u l t s  to  d e t e r m in e  
t h e  dependence  o f  t h e  minimum t h e  e f f e c t s  n o te d
a r e  s i m i l a r  t o  t h o s e  f o r  GUgO, when t h e  r e s u l t s  
o b t a i n e d  a t  1 .0  M and 0 .5  M a r e  combined w i t h  t h o s e  
m easured  i n  t h e  low c o n c e n t r a t i o n  zone ( i . e .  F i g . 65)-  
I n  t h e  case  o f  Cu^O/H^O^ t h e  minimum ( o r  non p o is o n e d  
peak  i n  t h e  low j^HgO^ zone )  i s  d i r e c t l y  p r o p o r t i o n a l
t o  t h e  i n  t h e  low jH^O^ zone .  At t h e  change
o v e r  c o n c e n t r a t i o n  (0 .25  M HpOg) t h e  l i n e a r  r e l a t i o n ­
s h ip  f l a t t e n s  o u t  and t h e  minimum e f f i c i e n c y  becomes
1d ep e n d en t  on re, ^ -, . A s i m i l a r  p a t t e r n  i s  o b t a i n e dP 2O2J
f o r  CoO and a l t h o u g h  t h e  h ig h  c o n c e n t r a t i o n  r a n g e  was 
n o t  covered  t h e  r e s u l t s  so f a r  o b t a in e d  a p p e a r  
a n a lo g o u s .
E. Low [h^O^  zone .
The b e h a v io u r  i n  t h i s  zone i s  e x a c t l y  s i m i l a r  t o  t h a t  
i n  Cu^O. The i n i t i a l  e f f i c i e n c y ,  which  can be con­
s i d e r e d  a  n o n -p o is o n e d  peak ,  and t h e  f i n a l  e f f i c i e n c y  
which i s  a n a lo g o u s  t o  t h e  minimum s t e a d y  s t a t e  a t
h ig h b o th  obey t h e  r e l a t i o n s h i p  
R ate  = k jHgOgl
Prom t h e  c l o s e  s i m i l a r i t y  be tw een  t h e  r e s u l t s  o b t a i n e d  
i n  t h e  GUgO/HgO^ and CoO/K^Og s y s te m s ,  i t  a p p e a r s  r e a s o n a b l e  
t o  p ro p o se  t h a t  t h e  s u r f a c e  r e a c t i o n  mechanism d e r iv e d  f o r  
CUgO/EgOg n o t  o n ly  h o ld s  f o r  GoO/HgOg b u t  i s  o f  g e n e r a l  
a p p l i c a b i l i t y  f o r  a l l  P - t y p e  s e m ic o n d u c t in g  oxide/H^Og 
s y s te m s .
The main d i f f e r e n c e  i n  b e h a v io u r  o f  th e  GUgO and CoO 
sy s tem s  i s  t h e  a b s e n c e  i n  GoO o f  t h e  f i n a l  r e c o v e ry  o r  b u lk  
e f f e c t  30 p ro m in en t  i n  CUgO. I t  must be  conc luded  t h a t  i n  
GoO t h e  s u r f a c e  c o n d u c t i v i t y  i s  su ch  e s  t o  p r e v e n t  d i f f u s i o n  
o f  i o n i c  o r  e l e c t r o n i c  v a c a n c i e s  a t  t h e  t e m p e r a tu r e  o f  t h e
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e x p e r im e n t .
7 .  The Im p o r tan c e  o f  I s o t o p i c  T r a c e r  S t u d i e s .
4 QR e s u l t s  from t h e  use  o f  0 a s  a  t r a c e r  i n  t h e  
d e c o m p o s i t io n  o f  on v a r i o u s  c a t a l y s t s  have come t o  have
an  i m p o r t a n t  h e a r i n g  on p rop osed  m echanisms.
W in te r  and B r i s c o e ^ a n d  Dole e t  a l 3^^ u s i n g  H2O2
18d i s s o l v e d  i n  HgO h e a r i n g  a s l i g h t  en r ic h m e n t  o f  0 showed 
t h a t  i n  r e a c t i o n s  c a t a l y s e d  hy i n o r g a n i c  c a t a l y s t s  and 
c a t a l a s e  t h e  ev o lved  O2 came e x c l u s i v e l y  from t h e  HgOg- 
I n  a d d i t i o n  Dole and co -w o rk e rs  found  t h a t  t h e  en r ic h m e n t  
which o c c u r r e d  i n  t h e  d e c o m p o s i t io n  c a t a l y s e d  hy in o rg e u i ic  
compounds d id  n o t  o c c u r  w i th  c a t a l a s e  c a t a l y s e d  r e a c t i o n s .
116S i m i l a r  r e s u l t s  were o b t a in e d  hy Wang whose 
e x p l a n a t i o n  was i n  a c c o rd  w i th  t h a t  p roposed  hy Dole i . e .  
f o r  t h e  i n o r g a n i c  c a t a l y s e d  r e a c t i o n  t h e  r e l a t i v e l y  weak 
n a t u r e  o f  t h e  a t t a c h m e n t  o f  RgOg to  t h e  s u r f a c e  f a v o u re d  t h e  
s p l i t t i n g  o f  t h e  w eaker  0^^ -  0^^ and 0^^ -  0^® bonds i n  
p r e f e r e n c e  t o  t h e  0^^ -  0^® bond ( t h e r e f o r e  c a u s in g  e n r i c h ­
ment)  w h i l s t  t h e  more a c t i v e  c a t a l a s e  d id  n o t  d i f f e r e n t i a t e  ? 
b r e a k i n g  t h e  0 -0  bond i r r e s p e c t i v e  o f  t h e  p r o p o r t i o n s  o f  
0^^ o r  0^® . The mechanism p ro p o sed  by Wang f o r  t h e  
d e c o m p o s i t io n  d id  n o t  d i f f e r e n t i a t e  betw een  O2 e v o l u t i o n  
from  a s i n g l e  ^^ 2^2 oi* Og e v o l u t i o n  from  two R2O2
m o l e c u l e s ,  i . e .  f o r  c a t a l y s i s  by (TETA) Pe(OH)^ ( s ee  above ,  
P -145)  t h e  e x a c t  mechanism f o r  t h e  s t e p
1T9
4 + 4
Pe OH0
00H‘ Pe- OHOH
1was n o t  p o s t u l a t e d .  L a t e r  work by Wang d id  make t h i s  
d i f f e r e n t i a t i o n  c l a i m i n g  to  p rove  c o n c l u s i v e l y  t h a t  Og was 
produced  from  a s i n g l e  HgOg m o le c u le  i . e .
I ^ O H  ^ 1  ^ O HPe '— -V ? e ^  + 0,- ^ O H0 h : 0:0:
r a t h e r  t h a n
OH +4Fe 0 :o Pe;o : e ■"7
■OH
'OH
0 0)
I n  g e n e r a l  t h e r e f o r e  t h e  c o n c l u s i o n s  from t h e s e  
t r a c e r  e x p e r im e n ts  a c c o rd  w i th  t h e  mechanism p roposed  above 
f o r  t h e  s e m ic o n d u c t in g  m e ta l  oxide/HgOg c a t a l y t i c  r e a c t i o n
S E C T I O N I I
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I N T R O D U C T I O N
An i m p o r t a n t  f e a t u r e  o f  t h e  mechanism p ro p o sed  i n  
S e c t i o n  I  f o r  t h e  d e c o m p o s i t io n  o f  H^O^ on Cu^O (and p - t y p e  
s e m ic o n d u c to r  o x id e s  i n  g e n e r a l )  was t h e  a s s u m p t io n  t h a t  
t h e  a c t i v e  s u r f a c e  s p e c i e s  c o n s i s t e d  o f  t h e  r a d i c a l  i o n s ,
Og o r  O ' , which  were l i n k e d  hy a  c y c l i c  r e a c t i o n  to  t h e  
i n a c t i v e  OH' ,  and OgH' i o n s .  An e s s e n t i a l  d e t a i l  i n  t h e  
scheme was the  m a in te n a n c e  o f  e q u i l i b r i u m  between t h e s e  l a s t  
two s u r f a c e  i o n s , t h u s :
X-OH' 4 HgOg ^ ^  HgO + X-OgH' (1)
where X i s  a  s u r f a c e  s i t e .  From t h e  k i n e t i c  a n a l y s i s  t h e  
e q u i l i b r i u m  c o n s t a n t  f o r  t h i s  p r o c e s s  was c a l c u l a t e d  a s s -
K = - = 5 « 6 ( 2 )
“ ohT 2 ° 2 J
I n  an  a t t e m p t  to  examine t h i s  e q u i l i b r i u m  i n  an 
in d e p e n d e n t  sy s te m ,  an  i n v e s t i g a t i o n  was u n d e r t a k e n  o f  t h e  
b e h a v io u r  o f  an a n io n  exchange r e s i n  i n  t h e  OH' form i n  
t h e  p r e s e n c e  o f  HgOg» These r e s i n s  a r e  m arked ly  c a t a l y t i c  
t o  HgO^ b u t  a t  low i t  was f e l t  t o  be p o s s i b l e  to
s tu d y  t h e  exchange e q u i l i b r i u m
R-OH 4 HgOg R-OgH + HgO (3 )
w h i le  a l l o w i n g  f o r  t h e  sm a l l  amount o f  c a t a l y s i s  g o in g  on.
At t h e  same t i m e ,  a  b r i e f  s tu d y  was made, i n  a  s t a t i c  sys tem ,
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o f  t h e  k i n e t i c s  o f  d e c o m p o s i t io n  o f  HgOg on t h e  r e s i n  i n  
t h e  hope t h a t  i t  would he p o s s i b l e  t o  m atch  t h e  r e s u l t s  t o  
a  mechanism which would have an a p p r o p r i a t e  r e l a t i o n ,  
( b e a r i n g  i n  mind t h e  d i f f e r e n c e s  be tw een  t h e  two s o l i d s )  
to  t h a t  d e r iv e d  f o r  o x id e  c a t a l y s i s .
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E X P E R I M E N T A L
The r e s i n - exchange m a t e r i a l s  now a v a i l a b l e  c o n s i s t  
o f  s y n t h e t i c  p o ly m ers ,  e . g .  s u b s t i t u t e d  p o l y s t y r e n e ,  c r o s s -  
l i n k e d  by c o p o l y m e r i s a t i o n  w i th  d i v i n y l b e n z e n e , which  a c t
ia s  a m a t r i x  f o r  e x c h a n g e a b le  g ro u p s .  The s t r o n g l y  b a s i c  
s u b s t i t u t e d  t y p e  i n  which q u a t e r n a r y  ammonium g ro u p s  a r e  
t h e  a n io n  b i n d i n g  s p e c i e s ,  was used  i n  t h e  p r e s e n t  work and
B.D.H.  A m b e r l i t e  IRA 400 was chosen .  I t  was o b t a i n e d  i n  
t h e  form o f  50-100 mesh p a r t i c l e s  a s  t h e  c h l o r i d e  s u b s t i t u t e d  
r e s i n  which was i n e r t  t o  H^Og. I t  had f i r s t  t o  be  c o n v e r te d  
t o  t h e  OH form .
2. P r e p a r a t i o n  o f  R es in  i n  OH form .
About 25 gm. o f  r e s i n  were p l a c e d  i n  a  2 .5  cm. 
d i a m e te r  c h ro m a to g ra p h ic  column. I t  was a l lo w ed  to  s e t t l e  
a f t e r  s h a k in g  up w i th  w a t e r ;  i t  gave a 12 cm, deep u n i fo rm  
bed .  A i r  above t h e  r e s i n  was blown o u t  w i th  sind 2 N 
c a r b o n a t e  f r e e  NaOH p a s s e d  d o m  t h e  column u n t i l  no c h l o r i d e  
was d e t e c t e d  i n  t h e  e f f l u e n t  (abou t  12 h r . ) .  The r e s i n  was 
t h e n  shaken  up and a l lo w ed  t o  s e t t l e  t o  a new bed .  F u r t h e r  
NaOH s o l u t i o n  was p e r c o l a t e d  : t h i s  was t o  check f o r
c h a n n e l l i n g  i n  t h e  f i r s t  r u n .  F i n a l l y  i o n  f r e e  d i s t i l l e d  
w a te r  was p a s s e d  down t h e  column u n t i l  pH 7 was r e c o r d e d  i n
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t h e  e f f l u e n t .  The w a te r  was p r e p a r e d  i n  an " E l g a s t a t " i o n  
exchange  a p p a r a t u s  ( to  a  s p e c i f i c  c o n d u c t i v i t y  o f  8 x 10^^ 
r e c i p r o c a l  ohms) from once d i s t i l l e d  w a t e r .  When t h e  r e s i n  
was f r e e  from e x c e s s  NaOH i t  was k e p t  u n d e r  OOg-free w a t e r  
u n t i l  r e q u i r e d .
A l l  t h e  e x p e r im e n ts  d e s c r i b e d  below were c a r r i e d  o u t  
a t  t h e  n a t u r a l  pH o f  t h e  s o l u t i o n  i . e .  pH 5*8 -  6 . 0  .
3 .  Sam pling  and E s t i m a t i o n  o f  R e s i n .
I t  was n e c e s s a r y  to  d e v i s e  a  method f o r  m e a s u r in g  o u t  
t h e  damp r e s i n  s i n c e  d r y i n g  and w e ig h in g  seemed to  i n t r o d u c e  
d i f f i c u l t i e s  due t o  l o s s  o f  w a te r  and c a r b o n a te  c o n ta m in a t io n  
A s im p le  v o l u m e t r i c  p ro c e d u re  was u s e d ,  p o u r in g  a m o b i le  
s l u r r y  to  a mark i n  a  5 mm. tu b e  r e s t i n g  on a pad o f  f i l t e r  
p a p e r .  The t u b e  had a c a p a c i t y  o f  3 m is .  t o  t h e  mark. The 
s l u g  o f  r e s i n ,  which l o s t  a d h e r e n t  m o i s tu r e  t o  t h e  pad b u t  
d id  n o t  meanwhile  a l t e r  i t s  d im en s io n s  i n  t h e  t u b e  was 
e x t r u d e d  i n t o  t h e  a p p a r a t u s  i n  which i t  was to  be u s e d .
The a c c u ra c y  o f  t h e  sam p l ing  was t e s t e d  i n  two ways.
( i )  V/eighing a f t e r  a  s t a n d a r d  d r y i n g  p r o c e d u r e .
The w e ig h ts  o f  f o u r  sam ples  were 1 .0 4  ^  0 .0 2  g .
( i i )  By wet a s s a y .
T h is  was done by e s t i m a t i n g  t h e  OH' l i b e r a t e d  
c o n v e r s io n  o f  t h e  sample c o m p le te ly  to  t h e  c h l o r i d e  
fo rm . The measured  s l u g  was warmed a t  40°G w i t h
on
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100 m is .  N KGl i n  b u b b l in g  f o r  1 h o u r .  The 
s o l u t i o n  was f i l t e r e d ,  t h e  r e s i n  washed, and t h e  
combined w ash ings  and f i l t r a t e  im m e d ia te ly  t i t r a t e d  
w i t h  0 .01  N HCl. The r e s i n  was l a t e r  t r e a t e d  w i th  
more N KGl b u t  no a p p r e c i a b l e  f u r t h e r  exchange  took  
p l a c e .  The t o t a l  e x c h a n g e a b le  OH' i n i t i a l l y  p r e s e n t  
on t h e  r e s i n  was c a l c u l a t e d .  The r e s u l t  o f  t h r e e  
e x p e r im e n t s ,  2 .525  x 1 0 ~ \  2 .5 1 0  x 10“ 5 and
2 .480  X 10**  ^ m oles  OH' d e m o n s t r a t e  a s a t i s f a c t o r y  
d eg re e  o f  r e p r o d u c i b i l i t y  i n  t h e  sam p l ing  and p e rm i t  
t h e  u se  o f  t h e  v a lu e  o f  2 .5  x 10“ ^ a s  t h e  amount o f  
r e s i n  ( e x p re s s e d  i n  m oles  o f  ex c h a n g e a b le  OH' ) used 
i n  a l l  f u r t h e r  e x p e r im e n ts .
4 .  R e s in - P e r o x id e  E q u i l i b r i u m .
C a r e f u l  d e t e r m i n a t i o n s  o f  oxygen e v o l u t i o n  w i t h  t im e  
were  c a r r i e d  o u t  a t  25°G i n  p r e l i m i n a r y  e x p e r im e n ts  so t h a t  
a l lo w a n c e  co u ld  be made f o r  t h i s  i n  c a l c u l a t i n g  t h e  e q u i l i ­
b r iu m  c o n s t a n t s .  These e x p e r im e n ts  a r e  d e s c r i b e d  i n  t h e  
f o l l o w i n g  s e c t i o n .  The r e s i n  was i n t r o d u c e d  i n t o  a measured 
q u a n t i t y  (40 o r  100 m is .  i n  most e x p e r im e n ts )  o f  0 .0 7 ,  0.0525y 
o r  0 .055  M HgOg, which had been  b ro u g h t  to  t e m p e r a tu r e  
e q u i l i b r i u m  a t  25^0. I t  was s t i r r e d ,  i n  t h e  a p p a r a t u s  
d e s c r i b e d  be low , and a f t e r  s h o r t  p e r i o d s  o f  t im e  (2 -5  m in u te s )  
a  10 ml. sample o f  t h e  s o l u t i o n  removed f o r  a n a l y s i s  by
1 8 5 .
t i t r a t i o n  w i th  0.01 N EMnO^ s o l u t i o n .  I t  was c l e a r  from 
t h e  r e s u l t s  t h a t  t h e  e q u i l i b r i u m  was re ach ed  v e r y  r a p i d l y .
I t  was n o t  c o n v e n ie n t  t o  d e te rm in e  th e  oxygen l o s s  i n  t h e  
same e x p e r im e n t  a s  was used t o  m easure  t h e  exchange e q u i l i ­
b r ium . T h is  was c a l c u l a t e d  from a knowledge o f  t h e  t im e  
o f  sam p l in g  and t h e  r a t e  o f  c a t a l y s i s  from a p a r a l l e l  e x p e r i ­
ment u n d e r  t h e  same c o n d i t i o n s .  T ab le  1 g iv e s  t h e  r e s u l t s  
o f  t h e s e  e x p e r im e n ts .  The f i n a l  column g iv e s
K (1 -  e )  [kgOg (4)
where G i s  t h e  f r a c t i o n  o f  r e s i n  covered  by HgOg i » e
.  . T h is  i s  a  form o f  e q u a t io n  (2) and i s  t h e0 .0025
a p p l i c a t i o n  o f  t h e  Law of  Mass A c t io n  to  e q u a t i o n  ( 1 ) .
m^ i s  t h e  m oles  o f  HpOg ad so rb e d  on t h e  r e s i n  a t  e q u i l i b r i u m ;  
1 — 0 — (0 .0025  -  m^)
0 .0025
HgO^ r e f e r s  t o  t h e  s o l u t i o n  a t
e q u i l i b r i u m
Table  1.
I n i t i a l  Concn, HgOg M o l e / l i t r e Volume o f  S o l u t i o n  m l. K
0 .0 7 40 668
0 .0525 40 676
0 .035 40 644
0 .035 40 640
0 .035 100 660
0 .035 120 653
E q u i l i b r i u m  o f  1 g 
H^Or, s o l u t i o n ,d eL
. (0 .025 m oles) r e s i n  w:
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The a v e ra g e  v a l u e  o f  K = 657 i s  s u b j e c t  t o  s a t i s f a c t o r i l y  
l i t t l e  d e v i a t i o n  i n  t h e s e  e x p e r im e n ts .  The c o n s ta n c y  o f  t h e  
v a l u e  o b t a i n e d  u n d e r  t h e s e  d i f f e r e n t  c o n d i t i o n s  was t a k e n  to  
s u b s t a n t i a t e  t h e  a s su m p t io n  t h a t  t r u e  e q u i l i b r i u m  was a t t a i n e d  
i n  a l l  c a s e s  and t h a t  t h e  exchange i s  v e ry  r a p i d ,
5. D ecom posi t ion  R a te  E x p e r im e n ts .
(a)
The a p p a r a t u s  i s  shown i n  P i  g . 1 .  I t  c o n s i s t e d  o f  
a t h r e e - n e c k e d  p y rex  f l a t - b o t t o m e d  f l a s k .  S t i r r i n g  
was by a m a g n e t ic  s t i r r e r ,  t h e  a g i t a t o r  b e in g  a s h o r t  
l e n g t h  o f  i r o n  e n c a se d  i n  p o l y t h e n e .  E v o lv in g  oxygen 
was m e te re d  by a s o a p - f i l m  movement i n  a h o r i z o n t a l  
t u b e  o f  3-5  mm. d i a m e t e r .  The tu b e  was c a l i b r a t e d  
w i t h  w a t e r .  I n  a  ru n  t h e  c l e a n  dry  v e s s e l  was clamped 
i n  p o s i t i o n  w i t h  i t s  base  0 .5  cm. from t h e  g l a s s  b o t to m  
o f  t h e  t h e r m o s t a t  t a n k .  The f l a s k  was f l u s h e d  o u t  w i th  
and t h e  r e s i n  i n t r o d u c e d .  A m easured  volume o f  t h e  
HgOg s t o c k  s o l u t i o n  (which had been  b ro u g h t  t o  25^0) 
was m easured  i n  from a f a s t  d e l i v e r y  p i p e t t e .  The 
f l a s k  was s t o p p e r e d ,  t h e  s t i r r e r  s t a r t e d  and t h e  f lo w  
m e te r  co nn ec ted  w i th o u t  d e l a y .  The a d d i t i o n  o f  s o l u t i o n  
and e s t a b l i s h m e n t  o f  e q u i l i b r i a  c o n d i t i o n s  i n  t h e  f l a s k  
co u ld  be a c h ie v e d  i n  abo u t  15 s e c o n d s .
S t i r r i n g  was f a s t  enough t o  l i f t  t h e  p a r t i c l e s  o f
So/kp-FilmFLOW-MtTER
SoAvP Reservoir
S u b s t r a t e
SXiRRlR
Graduated
S c a l e .
Fig.I. A p p a r a t u s  p q r  The  m e a s u r e m e n t  Op Rate Of Décomposition Of HiOi 
A n i o n  E x c h a n g e  Re s i n .
g r a d u a t e d
Vo l u m e .
To ConcentRATEo HzQz 
Reservoir .
C a p i l l a r y  Tu & e
Fig. Z.  M icpooosER PoR m a i n t a i n i n g  C o n s t a n t  H z O s  C o n c e n t r a t i o n
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r e s i n  from th e  b o t to m  b u t  n o t  so a s  t o  cause  u n b a la n c e  
i n  t h e  f l a s k .  I f  t h i s  mean ra n g e  was ad h e red  t o ,  t h e  
a c t u a l  r a t e  o f  s t i r r i n g  had no e f f e c t  on t h e  r a t e  o f  
e v o l u t i o n  o f  g a s ,
(b) ^ t £ a ^ _ _  [®2^2 —
I n  some e x p e r im e n ts  ah  a t t e m p t  was made to  m easure  
t h e  c a t a l y s t  e f f i c i e n c y  u n d e r  c o n d i t i o n s  o f  s t e a d y
. The o b j e c t  o f  t h i s  was to  show w h e th e r  t h e  
r e s i n  changed i t s  e f f i c i e n c y  w i th  t im e  a s  w i th  o x i d e s .  
T h is  cou ld  have been  b e t t e r  a c h ie v e d  by a  f lo w  method 
b u t  t h e r e  was no t im e  to  s o lv e  t h e  problem  o f  t h e  use  
o f  t h e  p a r t i c u l a t e  m a t e r i a l  i n  a f lo w  a p p a r a t u s .
The p ro c e d u re  adop ted  was to  r e p l e n i s h  t h e  HgOg 
l o s t  by c a t a l y s i s  i n  a number o f  sm a l l  s t e p s  by a 
m ic ro d o s e r  a s  shown i n  P i g . 2. The d o s e r  was f i l l e d  
w i t h  8 M H2O2 . I t  c o n s i s t e d  o f  0 ,5  mm. t r u e - b o r e  
c a p i l l a r y  en d in g  i n  a v e ry  f i n e  n o z z l e  immersed i n  
t h e  s o l u t i o n .  The c o n c e n t r a t e d  s o l u t i o n  was added 
i n  m icroam ount8 to  c o r re sp o n d  w i t h  t h e  l o s s  o f  0 2 *
The volume change i n  t h e  s o l u t i o n  was, o f  c o u r s e ,  
q u i t e  n e g l i g i b l e ,  a  f a c t  which  s i m p l i f i e d  t h e  c a l c u l a ­
t i o n  o f  t h e  amount to  add .  The r e s u l t s  o f  t h e s e  
e x p e r im e n ts  a r e  i l l u s t r a t e d  i n  P i g . 5 where i t  i s  
s een  t h a t  t h e  e f f i c i e n c y  rem ained  p e r f e c t l y  c o n s t a n t  
f o r  up to  20 m in s .  when t h e  ^^2^ ^  m a in ta in e d
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c o n s t a n t ,
(c )  R e p r o d u c i b i l i t y  o f  R a te  M easurementa .
P i g , 3 a l s o  g iv e s  t h r e e  r a t e / t i m e  c u rv e s  o b t a in e d  
w i t h o u t  "makeup" o f  w i th  t h r e e  d i f f e r e n t
r e s i n  sam p le s .  A s a t i s f a c t o r y  d e g re e  o f  r e p r o d u e l  
b i l i t y  was fo u n d .  Table 2 d e m o n s t r a t e s  t h i s  w i th  
r e f e r e n c e  t o  t h e  peak r a t e .
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Pig. 4 .  V a r i a t i o n  I n  R a t e  O f  D e c o m p o s i t i o n  O f H2O2 B t  T h e  OH 
Form o f  A n  a n i o n  Exchange R e s in .5 h o \n \n g  A ls o  The  
V a r i a t i o n  Of T h e R a te /T im e  C u r v e  W i t h  I n i t i a l  C h t O t D
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R E S U L T S  A N D  D I S C U S S I O N
1. A t ta in m e n t  o f  E q u i l i b r i u m »
The r e s u l t s  o f  t h e  e q u i l i b r i u m  e x p e r im e n ts  have a l r e a d y  
been  g iv e n .  They s u p p o r t  t h e  v iew  t h a t  t h e  s p e c i e s  R-OgH 
(where R I s  a  r e s i n  s i t e )  i s  p r e f e r r e d  to  R-OH and t h a t  t h e  
exchange e q u i l i b r i u m  i n d i c a t e d  by e q u a t i o n  (2) i s  e s t a b l i s h e d  
q u i t e  q u i c k l y . T h is  i s  d e m o n s t ra te d  i n  P i g . 4 where t h e  peak 
r a t e s  a r e  e s t a b l i s h e d  i n  1, 1* and 2& m in.  when s t a r t i n g  
w i t h  0 . 0 7 ,  0 .0 5 2 5 ,  0 .055  M HgOg r e s p e c t i v e l y .
I t  may be n o te d  t h a t  t h e  e q u i l i b r i u m  c o n s t a n t  f o r  
r e a c t i o n  (5) i s  n u m e r i c a l l y  q u i t e  c l o s e  t o  t h e  r e c i p r o c a l  o f  
t h e  h y d r o l y s i s  c o n s t a n t  f o r  t h e  HO2 i o n  i . e .
HOg + HgO KgOg * HO' (5)
[ h o - ]
T h ia  c o n s t a n t  i s  a v a i l a b l e  from t h e  i o n i s a t i o n  
c o n s t a n t  f o r  HpOg i n  d i l u t e  s o l u t i o n
HgOg H"*' + HOg (6)
o f  2 .4  z  10"!^  a t  25°G combined w i t h  t h e  i o n i c  p ro d u c t  o f
w a t e r .  Thus
%
E = SB 4 .2  z  10^^
2 . 4  .  1 0 - ' 2
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The e q u i l i b r i u m  c o n s t a n t  f o r  t h e  r e a c t i o n  .
HO' + HgOg HgO + ' HO^ (7)
1i s  t h u s  = 239• Comparison o f  t h i s  w i t h  t h e  v a l u e
o f  657 o b t a i n e d  f o r  (5) i n d i c a t e s  t h a t  t h e  r e s i n  bond f a v o u r s
HO' c o n s i d e r a b l y  more th a n  does a p r o t o n ,  so t h a t  i f  a i s
[OgH'] -t h e  r a t i o  p =-=h i n  s o l u t i o n  and i s  th e  r a t i o  o f  t h eLoh'J ^
f r a c t i o n s  o f  r e s i n  s u r f a c e  covered  a t  g iv e n  fHgOg i n  d i l u t e  
s o l u t i o n ,  —  = = 2 .75
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I t  seems v a l i d  t o  r e g a r d  t h e  e q u i l i b r i u m  as  e s t a b l i s h e d  
t h r o u g h o u t  t h e  p r o c e s s  o f  c a t a l y s i s  a t  l e a s t  f o r  volum es o f  
40 m l.  Use o f  l a r g e r  volumes o f  120 ml. gave a l a r g e r  d e la y  
i n  r e a c h i n g  t h e  peak r a t e  and so t h e s e  l a r g e r  volume r e s u l t s  
have n o t  been  used  i n  t h e  k i n e t i c  a n a l y s i s .
2. E f f i c i e n c y  o f  Exchanged R es in  a s  a  C a t a l y s t .
An i n t e r e s t i n g  r e s u l t  o f  t h e s e  m easurem ents  i s  t h e  
d e m o n s t r a t i o n  o f  t h e  a n io n  exchange r e s i n  a s  an e f f i c i e n t  
remover o f  HgOg from s o l u t i o n .  Thus 40 m is .  o f  a 0 .0 5  M 
s o l u t i o n  i s  c l e a r e d  by 1 g .  o f  r e s i n  o f  H2O2 down to  a  concen­
t r a t i o n  o f  0 .0 0 4  M i n  3 m ins .  D ecom posi t ion  r e d u c e s  t h i s  
to  0 .001 i n  20 m ins .
The e f f i c i e n c y  o f  t h e s e  -HOg exchange s u r f a c e s  a s  
c a t a l y s t s  was s u r p r i s i n g l y  h ig h  and what began a s  a b r i e f  
i n v e s t i g a t i o n  o f  t h e  exchange e q u i l i b r i a  c o n t in u e d  a s  a
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k i n e t i c  s t u d y .  On t h e  q u e s t i o n  o f  t h e  e f f i c i e n c y  we may 
n o t e  t h a t  t h e  peak r a t e s  r e f e r r e d  t o  i n  Tab le  2 i . e .  2 .60  
m is .  Og p e r  m in u te  o r  2 .5  • 10"”^ m o les .  H^Og decomposed p e r  
m in u te ,  r e p r e s e n t  one m ole ,  o f  H^Og decomposed p e r  second  f o r  
e v e ry  t e n  a d s o r b i n g  s i t e s  (0 .0025 m o le s ,  o f  t h e  r e s i n  a s  
R-OH (ROgH) was u s e d ) .  T h is  i s  a  c a l c u l a t i o n  w hich  canno t  
be made f o r  Cu^O as  a c a t a l y s t ,  owing to  t h e  u n c e r t a i n t y  
a b o u t  t h e  e f f e c t i v e  s u r f a c e  a r e a  exposed to  t h e  c a t a l y s t  and 
even i f  t h a t  were known to  t h e  l a c k  o f  knov;ledge o f  t h e  
p r o p o r t i o n  o f  t h a t  a r e a  p r o v i d i n g  c a t a l y t i c a l l y  a c t i v e  s i t e s .  
I t  m igh t  be s a i d  o f  c o u r se  t h a t  some o r  even t h e  m a j o r i t y  o f  
t h e  0 .0025  e q u i v a l e n t s  o f  R-OH (o r  ROgH) p ro v id e d  by th e  
r e s i n  c o n s i s t s  o f  s i t e s  deep i n  t h e  p o re s  o f  t h e  r e s i n  and 
n o t  a b l e  to  t a k e  a f a i r  s h a r e  o f  c a t a l y s i s  owing t o  (a) d e l a y  
i n  p e n e t r a t i o n  by H^Og o r  (b) d e la y  i n  e sc ap e  o f  Og. (b) i s  
l i k e l y  to  be a more s e r i o u s  f a c t o r  t h a n  ( a ) .  The f a c t  t h a t  
t h e  e s t a b l i s h m e n t  o f  t h e  exchange e q u i l i b r i a  i s  f a s t  however, 
s t r o n g l y  s u g g e s t s  t h a t  unimpeded p e n e t r a t i o n  o f  t h e  H^O^ t o  
t h e  whole o f  t h e  e f f e c t i v e  r e s i n  s u r f a c e  may be assumed i n  
t h e  e x p e r im e n t s .  I f  t h i s  i s  so ,  i t  seems f a i r  t o  s u g g e s t  
t h a t  R-HOg i s  n o t  i t s e l f  r e s p o n s i b l e  f o r  c a t a l y s i s  b u t  some 
o t h e r  s p e c i e s  p r e s e n t  on t h e  s u r f a c e  t o  o n ly  a  v e r y  much 
s m a l l e r  e x t e n t .
The p o s s i b l e  i n f l u e n c e  o f  o c c u l s i o n  o f  some o f  th e  
more d e e p - l y i n g  s i t e s  by Og on t h e  k i n e t i c  a n a l y s i s  w i l l  
however have t o  be  b o rn e  i n  mind. I t  would r e s u l t  i n  th e
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c a t a l y s t  h a v in g  a g r e a t e r  a p p a r e n t  e f f e c t i v e n e s s  a t  v e r y  
low r a t e s  o f  c a t a l y s i s  t h a n  a t  h ig h  r a t e s .
5 . R a te  and
Only a  c u r s o r y  e x a m in a t io n  o f  t h e  change o f  r a t e  o f  
c a t a l y s i s  w i th  has  so f a r  been  made. I n  t h e  d i l u t e
s o l u t i o n s  o f  t h e  e q u i l i b r i u m  m easurem ents  (G = 0 .1 5  to  0 .3 7 )  
a v i g o r o u s  c a t a l y s i s  i s  o b se rv e d .  T h is  i n c r e a s e s  w i t h  jn^O^ 
u n t i l  a t  a b o u t  5 M t h e  r a t e  becomes in d e p e n d e n t  o f  j^gO^ and
t h e n  commences t o  f a l l  as r i s e s  above 10 M. I f  t h e
OH r e s i n  i s  immersed i n  80^  H^Og c a t a l y s i s *  i s  a lm o s t  n e g l i ­
g i b l e .  At r a i s e d  t e m p e r a tu r e s  c a t a l y s i s  can become s e l f ­
h e a t i n g  and as  v i g o r o u s  a s  on an a c t i v e  o x id e .
The p r e s e n t  r e s u l t s  r e f e r  o n ly  to  t h e  d i l u t e  s o l u ­
t i o n s  u sed  f o r  t h e  e q u i l i b r i u m  measurementso The s t a t i c
method was u s e d ,  c a l c u l a t i n g  t h e  iH.^0, a t  v a r i o u s  t im e s  by
a l l o w i n g  f o r  d e c o m p o s i t io n  and a d s o r p t i o n .
The change o f  r a t e  w i th  t im e  i s  shown i n  F i g . 5 and 
F i g . 4 . I n  t h e  l a t t e r  t h e  r e s u l t s  w i th  t h r e e  i n i t i a l  
o f  0 .07  , 0 .0525  and 0 .055  M a r e  shown. From a knowledge
o f  t h e  amount o f  Op evo lved  up to  a g iv e n  t im e  and t h e  
e q u i l i b r i u m  i n  r e a c t i o n  (1) i t  was p o s s i b l e  t o  c a l c u l a t e  
HpOg a t  t h a t  t im e  and f u r t h e r m o r e  t o  c a l c u l a t e  p r e c i s e l y  
t h e  f r a c t i o n  o f  t h e  t o t a l  r e s i n  s u r f a c e  covered  w i th  R-OgH 
o r  R-OH. I t  i s  c o n v e n ie n t  f o r  t h e  c a l c u l a t i o n  to  e x p r e s s
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Q i n  t e rm s  o f  which i s  t h e  r e d u c t i o n  i n  c o n c e n t r a t i o n
i n  th e  volume (40 m i s . )  o f  s o l u t i o n  used, when t h i s  amount
o f  HgOp i s  ad so rb e d  on t h e  r e s i n .
I f  n ^  i s  t h e  number o f  m oles  o f  HgOg on t h e  r e s i n
R
0 .0025
and e x p re s s e d  a s  c o n c e n t r a t i o n  a l t e r a t i o n  (Cp)
"  ^ 1000 
Op. 40so G = ---— ----------   = 16 C1000 . 0 .0025
R earrangem ent  o f  e q u a t i o n  (4) i n  t h e  form
K . [RpOpl
1 K. [HgOJ
o r  i n  t h e  more c o n v e n ie n t  form
e  K . [HgOJ
and s u b s t i t u t i n g  f o r  Q f rom  above ,  r e l a t e s  Og t o  j^gOg 
which  i s  now d en o ted  a s  i . e .  t h e  c o n c e n t r a t i o n  i n  t h e  
s o l u t i o n  a t  t im e  ^  ,
i_ = 16 + ™  (5)Cjj 657 Ct
and i f  AC i s  t h e  l o s s  o f  HgOg due t o  c a t a l y s i s  up t o  t h e  
t im e  and 0  ^ i s  t h e  o r i g i n a l  we d e f i n e
= Ci - AC 
and Cg -  Cjj + C^
where i s  t h e  t o t a l  RgOg e x p r e s s e d  a s  a con c e n t r â t !  one
S o lv in g  ( 5 ) ,  ( 6 ) ,  and (7) g iv e s  and a t  any t im e  f o r  
w hich  A C i s  known. T h is  i s  b e s t  done g r a p h i c a l l y  and c u rv e s  
were c o n s t r u c t e d  g i v i n g  and from v a r i o u s  v a l u e s  o f  . 
T ab le  5 c o l l e c t s  r e s u l t s  f o r  G and C^, and th e  r a t e s  o f  oxygen 
e v o l u t i o n  r  e x p re s s e d  i n  m i s . / m i n u t e , found i n  a number o f  
d i f f e r e n t  e x p e r im e n ts .  P i g - 5 p l o t s  r  a g a i n s t  and r  
a g a i n s t  C^. I t  i s  c l e a r  t h a t  a l l  t h e  p o i n t s  from d i f f e r e n t  
i n i t i a l  c o n c e n t r a t i o n s  l i e  r e a s o n a b l y  w e l l  on t h e  same c u rv e .
Oi r 0
M o l e s / l i t r e mis .C^/m in . m o l e s / l i t r e
0 .0 7 4 .6 2 0 .00875 0 .8 2 7
3 .3 0 0 .00650 0 .8 0 5
2 .6 4 0 .00520 0 .7 7 4
2 .0 0 0 .00340 0 .7 0 0
1 .33 0 .00 2 2 0 0 .5 9 0
0 .8 7 0 .00146 0 .4 5 6
0 .3 3 0 .00 04 0 .2 1 7
0 .0525 2 .5 8 0 .00420 0 .7 2 0
1 .60 0 .00256 0.621
0 .925 0 .00160 0.521
0 .5 2 3 0 .00110 0 .415
0 .0 55 0 0 .6 6 0 .00130 0 .4 62
0 .27 0.00076 0 .355
0 .1 5 0 .00036 0 .1 5 2
T ab le  5-
40
wI -
1
[HzOz]
X = 0 01 0  M 
Q :  0 0525M 
Û » O'OiSOM pH ' 6  0 
T '  Z5°C
F i g.5
10
C t  « lO"* M O L E t / L H R E
(MOLES/LlTRt)*''^
S h o w i n g  The F a i l u r e  Of D a t a  To C o n fo r m  To K i n e t i c  L a w s  Of CO O r d e r  
As R e q u i r e d  B y  S i m p l e  S i t e  A d s o r p t i o n  R a t e  c o n t r o l  C i i V /2 o r d e r  
A s  R e q u i r e d  b y  D u a l  S i t e  A d s o r p t i o n  R a t e  C o n t r o l .
iHiOîJ
X : O-OIOM 
0 = 0  0 S% M A : 0 -OBSm
P H  = 6 0  
T  = 2 5 ® C
30 40 5 q
C t e  1 0 ^
F i g .  6  5hov^\ng The F a i l u r e  Of The R esu lts  To F it  In NfJimTHE REauiREMLNis  Of T he  
m e c h a n is m s  ( i ) R A T L  CONTROLLED BY DECOMPOSITION OP R - H O t  i t .  T z f  
( i i )  R a t e  C o n t r o l l e d  By T h e  R e a c t io n R - H O z ^  H%0% i . e . - r  C C t ® ) .
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At h ig h  v a l u e s  o f  t h e  r a t e  seems to  v a r y  l i n e a r l y  
w i t h  a c c o r d i n g  to
r  = + c o n s t a n t  (8)
There  i s  no e v id e n c e  o f  any o n s e t  o f  a  z e ro  o r d e r  
p r o c e s s  a t  h ig h  c o n c e n t r a t i o n  b u t  i t  i s  known from s e p a r a t e  
q u a l i t a t i v e  t e s t s  t h a t  t h i s  o c c u r s  a t  g r e a t e r  t h a n  5 M 
HgOg and in d e e d  a t  >  10 M t h e  c a t a l y s i s  i s  e x t i n g u i s h e d
On t h e  o t h e r  hand a t  lo w er  c o n c e n t r a t i o n s  t h e  r a t e  f a l l s  o f f  
f rom  t h e  v a lu e  g iv e n  by e q u a t i o n  (8 ) .
To u n d e r s t a n d  t h e s e  r e l a t i o n s h i p s  a mechanism f o r  t h e  
c a t a l y s i s  must f i r s t  be p ro p o s e d .  C e r t a i n  s im p le  g e n e r a l  
schemes can be e x c lu d e d .
The s u g g e s t i o n  can f i r s t  be made t h a t  t h e  r a t e  depends  
e n t i r e l y  on t h e  HOp a t t a c h e d  to  t h e  r e s i n .
i . e .  r  = k*«9
T h is  must be r e j e c t e d  s i n c e  i t  would r e q u i r e  t h a t  when
G — 1 t h e  r a t e  would become in d e p e n d e n t  o f  F u r t h e r ­
more i t  can be c a l c u l a t e d  t h a t  t h i s  in d e p e n d e n c e  o f  0^ sh o u ld
b e g i n  when has  t h e  v a l u e  o f  a b o u t  0 .0 0 0 4 .  C l e a r l y  r
c o n t i n u e s  t o  i n c r e a s e  w i th  C^ a t  v a l u e s  o f  C^ . w e l l  above th^.s 
F i g . 6 d e m o n s t r a t e s  t h e  r e l a t i o n s h i p  be tw een  r  and Q when 
Q i s  n e a r l y  1. r  « k.O^G must a l s o  be r e j e c t e d  i . e .
t h a t  t h e  r a t e  i s  c o n t r o l l e d  by a r e a c t i o n  between d i s s o l v e d  
HgOg and t h e  ad so rb e d  HO^. _ r  i s  a l s o  p l o t t e d  a g a i n s t  
i n  P ig .S o
1 9 6 .
4. Mechanism.
I n  o r d e r  to  make f u r t h e r  p r o g r e s s  i n  t h e  i n t e r p r e t a ­
t i o n  o f  t h e s e  r e s u l t s  i t  i s  n e c e s s a r y  to  c o n s i d e r  some 
p l a u s i b l e  m echanisms. I t  has  a l r e a d y  been  seen  t h a t  i t  i s  
n e c e s s a r y  t o  r e j e c t  a  s im p le  b i m o l e c u l a r  r e a c t i o n  betw een  a  
r e s i n - l i n k e d  HOp and s o l u t i o n  HpOp e . g .
R-HOp + HpOp = R-OH + HpO +- Op (9)
b e c a u s e  i n  t h e  ra n g e  o f  c o n c e n t r a t i o n  ch o se n ,  where b o t h  
jR.HOpj = Q and ^HpO^ = a r e  v a r y i n g  s u b s t a n t i a l l y ,  
t h e  r e l a t i o n s h i p  r  = k.^G^G i s  u n a b le  t o  s a t i s f y  t h e  r e s u l t s .  
Such a s t e p  co u ld  however be b u i l t  i n t o  a more complex 
p r o c e s s .  A p a r a l l e l  r e a c t i o n  cou ld  be p rop osed  d i r e c t l y  
p r o p o r t i o n a l  t o  i n  t h e  lo w er  p a r t  o f  t h e  ra n g e  b u t  becoming 
p r a c t i c a l l y  c o n s t a n t  a t  = 30-40  . 10""^ m o l e s / l i t r e  (o r  
Q =s 0 .7  -  0 . 7 5 ) .  Such a p r o c e s s  would be o f  t h e  form
r  = k^C^O + kpG (10)
and c o u ld  be e x p l a i n e d  by a d d in g  a  s t e p  such  as
R-HOp = ROE + 0 (11)
t o  ( 9 ) .  (11) would be fo l lo w e d  by r e c o m b in a t io n  o f  0
atoms i n  such  a  manner a s  n o t  t o  a f f e c t  t h e  r a t e .
B oth  (9) and (11) seem i n h e r e n t l y  t o  l a c k  p l a u s i b i l i t y  
s i n c e  u n l i k e l y  r e a r r a n g e m e n t s  o f  atoms a r e  i n v o lv e d  i n  each  
o f  them.
A more a c c e p t a b l e  p r o c e s s  would i n v o l v e  HOp s i t e s  i n
p a i r s  a s  i n  t h e  schémas p u t  fo rw a rd  to  e x p l a i n  t h e  p o i s o n i n g  
and r e c o v e r y  i n  t h e  CUpO r e a c t i o n ,  and as  i n  t h e  schemes p u t  
fo rw a rd  by Wang^ to  e x p l a i n  t h e  a c t i o n  o f
_  OH Pe OR
c a t a l y s t s ,  and by G la sn e r^  f o r  a  complex Cu c a t a l y s t .
Such a scheme t o  f i t  t h e  a v a i l a b l e  r e s u l t s  i n v o l v e s  
t h e  f o r m a t i o n  o f  a s m a l l  amount o f  Op i o n s  a t  t h e  s u r f a c e .
i . e .  ROOK 0 -----H ROO
^ + 2HoO (12)\  ^ ^^2 
ROOH 0  H ROo'
i n  an e q u i l i b r i u m  p r o c e s s ,  so t h a t  i f  ^  i s  t h e  s u r f a c e  
f r a c t i o n  o f  ( ^ i o n
^  = K ' c |  Q ( 15)
Oxygen p r o d u c t i o n  i s  t h e n  c o n t r o l l e d  by t h e  f r a c t i o n  
o f  t h e s e  i o n s  t h r o u g h  t h e  s t e p
R-Op — > RO + 0 (14)
t h e  oxygen atom b e in g  m o b i le  and com bin ing  t o  m o le c u le s  w h i le  
t h e  a d so rb e d  0 i o n  i . e .  RO can be c o n v e r t e d  t o  HOp by t h e  
assumed f a s t  s t e p
2 R -0  + HpOp = 2R0pE
from  (14) r  » k ^
and from  ( 15) r  * kK’G ^ O
P i g . 7 i n  which  r  i s  p l o t t e d  a g a i n s t  0 d e m o n s t r a t e s  t h a t
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1 9 8 .
t h i s  scheme i s  n o t  i n  d i s a g re e m e n t  w i t h  t h e  r e s u l t s .
S e l e c t i o n  o f  (14) a s  th e  c a t a l y t i c  r a t e  c o n t r o l l i n g
s t e p  r a t h e r  t h a n  a n o t h e r  doub le  s i t e  s t e p  such  a s
GEOg = 2R0  ^ Og (17)
was d i c t a t e d  by t h e  need  t o  o b t a i n  a r a t e  e q u a t i o n  l i k e  (16)
E q u a t io n  (16) has  t h e  form
kK' . 657C+ ^r  = »-----—------   —
1 + 6570^
I t  f a i l s  e n t i r e l y  t o  p r e d i c t  e x t i n c t i o n  o f  c a t a l y s i s  a t  
h ig h  I t  does  however p r e d i c t  z e r o  o r d e r  k i n e t i c s
when /  becomes a p p r e c i a b l e .  Then t h e  e q u a t i o n  h as  t o  be 
m o d i f i e d  to  g iv e
3 /2kK* . 6570^
1 6 5 7 0 ^  657K»C^ ^
r  i s  i n d e p e n d e n t  o f  when K*C^ > 1  o r  when %> g
I t  m ust  be s t a t e d  t h a t  t h e  l i m i t e d  ra n g e  o f  r e s u l t s  
hei 'e  a v a i l a b l e  does n o t  p e rm i t  any scheme to  be p u t  fo rw a rd  
a t  t h i s  s t a g e  w i t h  any f i n a l i t y .  A wide ra n g e  o f  concen­
t r a t i o n s  and i n  p a r t i c u l a r  a ran g e  o f  f low  m easurem ents  would 
be d e s i r a b l e .  The l a t t e r  would e l i m i n a t e  u n c e r t a i n t y  a b o u t  
t h e  e x t e n t  t o  which  t h e  whole o f  t h e  e x c h a n g e a b le  s u r f a c e  i s  
a v a i l a b l e  f o r  c a t a l y s i s .  I t  would a l s o  be d e s i r a b l e  t o  
make m easurem ents  a t  h i g h e r  pH v a l u e s .  There  i s  e v id e n c e ,
199.
i n d i c a t e d  on P ig » 7 > t h a t  a  s m a l l e r  a c t i v e  s u r f a c e  i s  i n  u se  
i n  t h e  c a se  o f  t h e  s m a l l e s t  o f  t h e  t h r e e  i n i t i a l  c o n c e n t r a ­
t i o n s  u s e d .  The c o n s t a n t  i n  (16) from  t h e  s l o p e  o f  t h e  
g ra p h  i s  m arked ly  s m a l l e r  i n  t h i s  c a s e .  I t  i s  s u g g e s te d  
t h a t  t h e  exchange p a r t i c l e s  maybe p e n e t r a t e d  t o  a  s t a n d a r d  
d e p th  (p e rh a p s  c o m p le te ly )  on ly  i n  t h e  case  o f  t h e  two h i g h e r  
c o n c e n t r a t i o n s  b u t  l e s s  d e e p ly  w i th  t h e  s m a l l e r  o n e . T h is  
i s  a p o i n t  which would r e q u i r e  work w i t h  d i f f e r e n t  p a r t i c l e  
s i z e s  t o  c l a r i f y .
200 .
C O N C L U S I O N S
Anion exchange r e s i n s  i n  t h e  OH form come t o  
e q u i l i b r i u m  w i t h  HgOg fo rm in g  what i s  c o n s id e r e d  t o  be a 
r e l a t i v e l y  s t a b l e  R-OgH s u r f a c e .  I n  t h i s  form t h e  r e s i n  
i s  c a t a l y t i c a l l y  a c t i v e  b u t  t h e  k i n e t i c s  i n  a  nar row  ra n g e  
o f  l^gO^ ceuinot be d e s c r i b e d  i n  t e rm s  o f  a s im p le  c y c l i c  
r e a c t i o n  w i th  HgOg e . g .
R-OgH + HgOg = R-OH + HgO + Og
o r  by a s im p le  d e c o m p o s i t io n  of  t h e  ad so rb e d  HO g i o n s .  I t  
i s  n e c e s s a r y  to  in v o k e  a d i f f e r e n t  a c t i v e  s p e c i e s  i n  
e q u i l i b r i u m  w i th  t h e  p e r o x id e  exchanged s u r f a c e .
I t  i s  f e l t  t h a t  f u r t h e r  s tu d y  o f  t h i s  sy s tem  w i l l  
y i e l d  i n f o r m a t i o n  w i th  a b e a r i n g  on d e c o m p o s i t io n  o f  HgOg 
a t  s o l i d  c a t a l y s t s  i n  g e n e r a l  and a l s o  a b o u t  t h e  mechanism 
o f  d e c o m p o s i t io n  o f  s o l i d  h y d ro p e ro x id e s  RrOgH.
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GENERAL CONCLUSIONS FROM SECTIONS I  AND I I
G enera l  C o a c lu s io n s
Pro H t h e  above s t u d i e s  th e  f o l l o w i n g  g e n e r a l  
c o n c l u s i o n s  a r e  drawn c o n c e rn in g  t h e  c a t a l y t i c  d e c o m p o s i t io n  
o f  aqueous  HgOg by P - ty p e  semi c o n d u c t in g  m e ta l  o x id e s  and 
a n io n  exchange r e s i n s .
1. I n  t h e  case  o f  CUgO, CoO and a n io n  r e s i n  c a t a l y s i s ,  t h e r e
i s  e v id e n c e  t h a t  t h e  s u r f a c e ,  which  can be r e g a rd e d  as
c o n s i s t i n g  i n i t i a l l y  o f  OH' i o n s ,  i s  covered  w i t h  a d so rb e d  
HOg i o n s  d u r i n g  c a t a l y s i s .
2. C a t a l y s i s  does  n o t  o c c u r  a t  t h e  HOg s i t e s  b u t  t a k e s  p l a c e
on a sm a l l  c o n c e n t r a t i o n  o f  0 '  o r  Og s i t e s  p r e s e n t  on
t h e  s u r f a c e .  I n  t h e  case  o f  P - ty p e  o x id e s  t h e s e  s i t e s  
may be p r e s e n t  t o  a sm a l l  e x t e n t  on t h e  s u r f a c e  p r e v io u s  
to  t r e a t m e n t  w i th  HgOg ( r e s u l t i n g  from o x i d a t i v e  a d s o rp ­
t i o n  a t  p - h o l e s )  b u t  a c o n s i d e r a b l e  number more a r e  
fornned by
(a) o x i d a t i v e  a d s o r p t i o n  o f  HgOg
i . e .  OgH'
M OoH'
-0
K 0
M OH'O2H'
OH'
OgH'
fo l lo w e d  by d e h y d r a t io n
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OH' 0 '
= M*"*" + H.0
OgH' 0 ' '2
o r  a f t e r  f u r t h e r  exchange w i t h  HgOg 
OgH' Og
+ HgO
OgH' 0 '
(b) by d e h y d r a t i o n
OH' 0 '
K"*" O^R' M'*" 0 '2'
where may be r e g a r d e d  as  a  p - h o l e  i n  t h e  (M^)g O ' '
l a t t i c e .  P o t e n t i a l  m easurem ents  s u g g e s t  t h a t  a  CUgO
(o r  CuOH) s u r f a c e  i s  50^ c o n v e r te d  t o  Cu(OH)g i n  t h e  
p r e s e n c e  o f  HgOg.
I n  t h e  ca se  o f  t h e  r e s i n  i t  i s  s u g g e s te d  t h a t  c a t a l y s i s  
s i m i l a r l y  depends  on d e c o m p o s i t io n  o f  t h e  h y d ro p e ro x id e  
s u r f a c e  to  y i e l d  an a c t i v e  s u r f a c e  s i t e .
5o No f r e e  r a d i c a l s  a r e  b e l i e v e d  to  o c c u r  i n  any o f  t h e  c a s e s  
s t u d i e d , A l l  k i n e t i c s  a r e  a d e q u a t e l y  e x p la in e d  i n  te rm s  
o f  a d so rb e d  r a d i c a l  i o n s  which do n o t  move i n t o  t h e  
s o l u t i o n  -  n o t  even i n t o  t h e  Van d e r  Waals l a y e r .
4. T here  i s  no e v id e n c e  t h a t  d i s s o l v e d  m e t a l  p l a y s  any p a r t  
i n  c a t a l y s i s  e x c e p t  p e rh a p s  a s  m en t io n ed  i n  5- P a r t i c i ­
p a t i o n  o f  d i s s o l v e d  i o n s  i n  a h o m o gen eo u s-he te ro gen eo us
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c y c le  seems to  be r u l e d  o u t
5. The k i n e t i c s  r e q u i r e  a  p o i s o n i n g  s t e p  i n  t h e  ca se  o f  
o x id e s  and p o s s i b l y  a l s o  i n  t h e  case  o f  t h e  r e s i n .  With 
o x id e s  t h e  d u a l - s i t e  p o i s o n in g  im p l i e d  i s  r e q u i r e d  
unam biguously  by t h e  k i n e t i c s  and measurement o f  t h e  r a t e  
o f  t h i s  p o i s o n i n g  c o n t r i b u t e s  t o  an a n a l y s i s  o f  t h e  o v e r a l l
k i n e t i c s .  A r e v e r s e  o f  t h e  f o r m a t i o n  o f  Og o r  0 '  i s  
s u g g e s te d  f o r  p o i s o n i n g  i . e .  t h e  r e v e r s i o n  to  i n a c t i v e  
OH' o r  OgH' i o n s .  A f a c t o r  i n  d e c i d i n g  t h e  r e l a t i v e  
c a t a l y t i c  power o f  o x id e s  w i l l  be t h e  r e l a t i o n  be tw een  
f o r m a t io n  and p o i s o n i n g  o f  t h e s e  a c t i v e  s i t e s .  The 
d i s s o l u t i o n  o f  t h e  h y d ro p e ro x id e  l a y e r  (when i t  o c c u r s )  
may be a f a c t o r  i n  a m e l i o r a t i n g  t h e  p o i s o n i n g  te n d e n c y .
S t u d ie s  com parable  w i t h  t h o s e  on t h e  o x id e s  i n v o l v i n g  
a f lo w  sys tem  a r e  n o t  y e t  a v a i l a b l e  w i t h  t h e  r e s i n .
6. The a c t i v e  i o n s  a r e  ad so rb e d  on t h e  o x id e s  a t  p - h o l e s ,
i . e .  a t  Cu' "^^  i n  t h e  CUgO case  o r  Co' *^’’'*' i n  CoO. P o t e n t i a l  
s t u d i e s  l e a d  t o  t h e  c o n c lu s io n  t h a t  ev e ry  o t h e r  Cu i o n  i n  
th e  s u r f a c e  i s  i n  t h e  Cu*’”*’ s t a t e  d u r i n g  c a t a l y s i s  w i th  
HgOg g r e a t e r  t h a n  0 .2 5  M. This  t e n d s  t o  s u g g e s t  t h a t  t h e  
v a l e n c y  change i s  what f a v o u r s  t h e  f o r m a t i o n  o f  t h e  a c t i v e  
i o n s .  On t h e  o t h e r  hand no such  v a l e n c y  change can o c c u r  
on t h e  r e s i n  and i t  t h e r e f o r e  a p p e a r s  p r e f e r a b l e  to  t h i n k  
o f  t h e  e f f e c t  b e i n g  g e o m e t r i c  -  t h e  OgH' a t t a c h e d  t o  th e  
h i g h e r  v a l e n c y  i o n s  o r  p - h o l e s  b e in g  b ro u g h t  i n t o  c l o s e r
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c o n t a c t  t h a n  a t  t h e  lo w er  v a le n c y  i o n s .  The c o n d i t i o n  
i n  t h e  r e s i n  i s  t h e n  seen  to  depend on some o f  t h e  OgH' 
b e i n g  i n  t h i s  c lo s e  p o s i t i o n ,  f a v o u r a b l e  f o r  c o n v e r s i o n  
by d e h y d r a t io n  t o  Og and O ' .
7 .  The r e l a t i v e  a c t i v i t y  o f  t h e  o x i d e s ,  CoO >  Cu^O >  NiO
i s  p a r a l l e l e d  by t h e  s t a b i l i t y  o f  t h e  h y d r o x id e s  Co(OH)g, 
Cu(OH)g and N i (OH)g. The ten d e n c y  f o r  t h e  f r e s h l y  
p r e c i p i t a t e d  h y d ro x id e s  to  p a s s  on s t a n d i n g  from  t h e  
c o lo u re d  form to  t h e  b l a c k  h y d ra te d  o x id e ,  i s  g r e a t e s t  
f o r  Co(OH)g and l e a s t  f o r  N i (OH)g. T h is  i s  t a k e n  to  
r e f l e c t  on t h e  t e n d e n c y  f o r  t h e  s t e p
OOH' O'
M = M + HgO
OOH' Og
t o  o c c u r  i . e .  t h e  r e c o v e r y  p r o c e s s .
8 .  The slow growth  o f  c a t a l y s i s  on CUgO was n o t  o b se rv e d  
w i t h  CoO. T h is  i s  t a k e n  to  r e f l e c t  on t h e  r e l a t i v e  
ea se  o f  d i f f u s i o n  o f  i o n i c  and e l e c t r o n i c  s p e c i e s  i n  t h e  
two o x id e s  which w i l l  a f f e c t  t h e  c o n c e n t r a t i o n  o f  p - h o l e s  
a t  t h e  s u r f a c e  and th u s  t h e  number and r e a c t i v i t y  o f  t h e  
a c t i v e  s i t e s .  Such slow p r o c e s s e s  do n o t  o c c u r  on r e s i n s  
where t h e r e  would be no l i k e l i h o o d  o f  such  s o l i d  i n t e r ­
a c t i o n ,  t h e  s u r f a c e  +ve cha rge  r e m a in in g  i s o l a t e d .
9.  The d e t a i l e d  k i n e t i c  a n a l y s i s  o f  th e  slow grow th  a c c o rd s  
a d e q u a t e l y  w i t h  t h e  a s su m p t io n  o f  a s o l i d  r e a c t i o n  and
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i n d e e d  t h e r e  i s  q u a n t i t a t i v e  c o r r e l a t i o n  w i t h  t h e  
energy  o f  a c t i v a t i o n  f o r  p - h o l e  d i f f u s i o n  i n  CUgO.
10. T h is  work i s  c l o s e l y  l i n k e d  to  t h e  s t u d i e s  on c a t a l a s e  
euid t h e  c a t a l a s e  model (TETA) Pe (OE)g by t h e  s i m i l a r i t y  
o f  t h e  o v e r a l l  k i n e t i c s  which r e q u i r e  a s i m i l a r  
mechanism. J u s t  a s  s i n g l e  r a d i c a l  p ro d u c in g  e l e c t r o n  
t r a n s f e r  mechanisms have been  i n c r e a s i n g l y  e x c lu d e d  by 
r e s u l t s  i n  t h e  enzyme f i e l d ,  so i t  i s  now found  t h a t  
t h e s e  i n o r g a n i c  c a t a l y s t s  r e q u i r e  t w o - e l e c t r o n  s t e p s  to  
e x p l a i n  t h e  k i n e t i c s .
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FUTURE LINES OF RESEARCH
As a c o n t i n u a t i o n  o f  t h e  above i n v e s t i g a t i o n s  t h e  
f o l l o w i n g  s u g g e s t i o n s  a r e  made f o r  f u t u r e  l i n e s  o f  r e s e a r c h  
which a p p e a r  l i k e l y  to  c l a r i f y  f u r t h e r  t h e  d e t a i l e d  mechanism 
o f  h e te ro g e n e o u s  c a t a l y t i c  d e co m p o s i t io n
1. t h e  s t u d i e s  c a r r i e d  o u t  on t h e  CoO/HgOg and NiO/HgOg 
sy s tem s  r e q u i r e  f u r t h e r  d e t a i l e d  i n v e s t i g a t i o n s  on 
l i n e s  s i m i l a r  to  t h o s e  fo l lo w e d  f o r  t h e  e x a m in a t io n  o f  
t h e  CUgO/HgOg sys tem .
2. e x t e n s i o n  o f  t h e  CUgO, NiO, CoO/HgOg i n v e s t i g a t i o n s  
to  i n c l u d e  o t h e r  p - t y p e  semi c o n d u c t in g  m e ta l  o x id e  /  
HgOg sy s tem s  i s  n e c e s s a r y .
3 . t h e  p r e l i m i n a r y  s t u d i e s  com ple ted  on t h e  res in /H gO g 
sys tem  s u g g e s t 2-
(a) e x t e n s i o n  o f  t h e  s t a t i c  c o n d i t i o n  s t u d i e s  
d e s c r i b e d  above t o  c o v e r  a  w id e r  f i e l d  o f  jllgOgj 
pH, i o n i c  s t r e n g t h  and t e m p e r a tu r e
(b) a p p l i c a t i o n  o f  f lo w  sys tem  t e c h n i q u e s  to  r e s i n  
s t u d i e s .
4 . t h e  a p p l i c a t i o n  o f  i s o t o p i c  t r a c e r  t e c h n i q u e s  t o  
e l u c i d a t e  f u r t h e r  t h e  r e a c t i o n s  o c c u r r i n g  i n  o x id e  /  
HgOg and re s in /H gO g s y s te m s .
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